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S u m m a r y
In p re s e n t-d a y  v a ria b le  speed a .c . d riv es  th e  pow er sy stem  is u sua lly  o f th e  
D.C. link type. H ere a  diode b rid g e  r e c t i f ie r  fe ed s  a  la rg e  c a p a c ito r  to  
p ro d u ce  th e  D.C. link  voltage, w hich in tu rn  feed s  an  in v e rte r  and m achine. 
In such  a  system , th e  in p u t c u r re n t  w aveform  is severely  d is to r te d , 
d eg rad in g  th e  pow er fa c to r ,  and u n d er re g e n e ra tin g  o p e ra tio n  o f th e  m achine 
th e  re tu rn e d  energ y  is u su ally  d is s ip a te d  in p ro te c tio n  re s is to rs .  T hese 
d raw b ack s  can  be overcom e by using  ac tiv e  sw itch es  and  PWM co n tro l in  th e  
f r o n t- e n d  co n v e rte r , w hich may th en  be ca lled  a  R E V E R SIB L E  R E C T IF IE R . W ith 
p ro p e r  choice o f  co n tro l s t r a te g y  pow er conversion  betw een  th e  m ains and 
th e  m achine, to g e th e r  w ith  ex ce llen t w aveform  and pow er f a c to r ,  can  be 
ach ieved  sim u ltaneously .
In  th is  d is s e r ta tio n , v a rio u s  co n tro l m ethods have been fu lly  s tu d ied  and  
c r i t ic a lly  com pared , to g e th e r  w ith  d iscussions o f th e  spec ia l p rob lem s o f 
each  c o n tro l schem e. I t  is  show n th a t  d ire c t  co n tro l o f  th e  a .c . c u r re n t ,  
in  th e  so -c a lle d  c u r re n t- fo rc e d  schem es, o f f e r s  good s ta b i l ity  in  c o n tro l o f  
th e  p o w er flow . V o ltag e -f  o rced  schem es have a lso  been s tu d ied  f  o r
com parison . C onditions fo r  s ta b i l i ty  in bo th  re c tify in g  and re g e n e ra tin g  
m odes have been ana lysed . T his has led to  gu ide lines fo r  se lec tin g  a  
su ita b le  co n tro l s t r a te g y  in p ra c t ic a l  ap p lica tio n s  and to  a  m ethod  o f 
desig n in g  a  su ita b le  co n tro l system .
The design  and o p e ra tio n  o f a  low  p ow er m odel re v e rs ib le  r e c t i f ie r  h a s  been 
p re se n te d  and tw o  co n tro l sy stem s have been b u ilt f o r  im plem enting  d if f e re n t  
c o n tro l schem es. One co n tro l sy stem  is  a  sim ple analogue sy stem  w hich 
p ro v id es  a  cheap  b u t s t i l l  e leg an t ap p ro ach  to  th e  co n tro l o f  re v e rs ib le  
r e c t i f i e r s .  The o th e r  is by m eans o f a  t r a n s p u te r  sy stem , w hich a llo w s th e  
m ore re f in e d  schem es to  be im plem ented and  m ore im p o rtan tly  p ro v id es th e  
p o ss ib ility  o f in te g ra te d  co n tro l o f th e  re v e rs ib le  r e c t i f ie r  w ith  th a t  o f  
th e  m achine in  th e  fu tu re . The ex p e rim en ta l r e s u l ts  o b ta ined  have show n to  
be e n t ire ly  c o n s is te n t w ith  th e  th eo ry .
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STYLE
X V ector q u an tity
jX j Am plitude o f X
X P h aso r q u an tity
X O perating  poin t q u an tity  o f X
AX D eviation o f X, o r  e r ro r
*X Demanded q u an tity  o f X
X^ Fundam ental value o f X
X^ Q uan tity  in phase J (j=A,B,or c)
SYMBOLS
A^ V oltage g a in :-  E / V0 dcO sO
C C ap ac ito r o r  cap ac itan ce  in th e  d .c. link
E^^ In s tan tan eo u s  value o f  th e  d .c. link voltage
G T ra n s fe r  fu n c tio n  betw een AE and  AIdc s
G, T ra n s fe r  fu n c tio n  betw een AE and  AI1 dc 0
G T ra n s fe r  fu n c tio n  o f a PI c o n tro l le r :-  K ( 1 + I /T  S )c  p I
G T ra n s fe r  fu n c tio n  o f a  f i r s t - o r d e r  f i l t e r : -  K /  ( 1 + T  S )f  df df
In s tan tan eo u s  value o f th e  inpu t c u r re n t  in phase j
i Demanded value o f isJ  sJ
i F undam ental value o f is J f  sJ
Space v ec to r of th e  input c u r re n t 
I A m plitude of ism  sJ
I I , o r g en e ra l n o ta tio n  o f th e  in p u t c u r re n ts  2 sm
sd d -a x is  i
q -a x is  1sq —s
a - a x is  isOC —s
/3 -ax is is p  “ S
i In s tan tan eo u s  value o f th e  o u tp u t c u r re n t d raw n  from  th e  d .c . linkout
I A verage value of i a t  th e  o p e ra tin g  poin t
K Gain o f Gdf f
K Gain o f Gp c
L In d u c to r o r  inductance in th e  a .c . side
m m odulation  index
n n - th  sam pling in s ta n t
PF Pow er f a c to r
R R esis tan ce  in th e  a .c . s ideS
R E quivalen t load re s is ta n c e  a t  th e  o p e ra tin g  p o in t:-  E / I0 ^ dcO 0
Sj S w itching fu n c tio n  in phase  j
T Tim e c o n s tan t o f Gd f  df
T  Tim e c o n s ta n t o f G1 c
T  Sw itch ing /S am pling  period
THD7o T o ta l harm onic d is to r tio n
G eneral n o ta tio n  o f th e  te rm in a l vo ltage 
v^^ In s tan tan eo u s  value o f th e  te rm in a l vo ltage in p h ase  j
V Fundam ental value o f vRJf RJ
V^(k) Space v ec to r o f th e  te rm in a l v o ltag e  k~  0 ,1 ,.,.7
V d -a x is  V ( k )Rd —R
V q -a x is  V (k)Rq - R
V a - a x is  V (k)ROC - R
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V  ^ In s tan tan eo u s value o f th e  m ains vo ltage in phase j
V Space v ec to r o f v—s sJ
V Am plitude o f th e  m ains v o ltagesm
V V , o r g e n e ra l n o ta tio n  o f th e  m ains vo ltages  2 sm
V d -a x is  Vsd — s
V q -a x is  Vsq - s
V a - a x is  Vs a  —s
V o p -a x is  Vs p  - s
0) A ngular freq u en cy  o f  th e  m ains
T Tim e c o n s ta n t:- R CC 0
T Tim e c o n s ta n t:- L /  RL s 0
T Tim e c o n s ta n t:- L /  Rs s s
X /  L /  C
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CHAPTER 1 INTRODUCTION
1.1 I n t r o d u c t i o n
A dvances in th e  technology o f pow er sem iconductors over th e  la s t  d ecade have 
allow ed  a.c . m achines, and especia lly  cheap and ro b u s t asynchronous m ach ines, 
supp lied  from  s o lid -s ta te  v a r  ia b le - f  requency v a r ia b le -v o ltag e  so u rc e s , to  
becom e com petitive in th e  m ark e t fo r  v a riab le  speed d riv es . Move re c e n tly , 
th e  adven t o f m icrocom puters and VLSI c irc u its  has f u r th e r  s tim u la te d  th e  
m ark e t. In consequence in te re s t  in ac  d rive  system s is g row ing  rap id ly .
In im plem enting a  high p e rfo rm an ce  d rive  system  now adays, w h e th e r 
in co rp o ra tin g  d .c. o r  a .c . m achines, pow er co n tro l and conversion  w ill be by 
m eans o f e lec tro n ic  system s. However, a ll pow er e lec tro n ic  c o n v e r te rs  can  
add to  the  in h eren t pow er line d is tu rb an ce s  by (i) in te r fe r in g  w ith  th e  
w avefo rm  o f th e  m ains and (ii) producing  e lec tro m ag n e tic  in te r fe re n c e . 
R ecen tly  th e re  have been in v es tig a tio n s  in to  a  num ber o f so lu tio n s to  th e se  
prob lem s. The re se a rc h  w ork p re sen ted  h e re  w ill fo cu s on so lu tio n s  to  th e  
f i r s t  problem .
1.2 S u p p ly  S o u r c e s  f o r  AC D r iv e  S y s te m s
Supply so u rces  fo r  a .c . d riv es  in co rp o ra tin g  pow er e le c tro n ic  sy s tem s can  be 
c la s s if ie d  in to  two ca te g o rie s , nam ely a .c . /a .c .  conversion  and 
a .c . /d .c , / a .c .  conversion.
1.2.1 AC/AC Conversion
In ad d itio n  to  conventional cyc loconverte rs , w hich can d eliver a  h ig h -q u a lity  
s in u so id a l w aveform  a t  a  low o u tp u t frequency , and hence Eire su p e r io r  f o r  
very  low speed ap p lica tio n s  [MURPHY 19881, th e  m ore re cen tly  p roposed  m a tr ix  
c o n v e r te rs  a re  su p e rfic ia lly  very  a t t ra c t iv e  [VENTURINI 1980, ALESINA 19811. 
In p rin c ip le , co n tro l o f  vo ltage  o r  c u r re n t  w aveform , freq u en cy  and  pow er 
f a c to r  a t  both input and o u tp u t is possib le , to g e th e r  w ith  pow er f lo w  in 
e i th e r  d irec tio n . However, in m any em bodim ents o f th is  p rin c ip le  th e re  m u st 
be 9 b id irec tio n a l pow er sw itch es  (or 18 b ac k -to -b ac k  connected  a c tiv e  
dev ices a rra n g e d  w ith  d iodes). M oreover, com plicated  co n tro l is  re q u ire d , 
w hich  is a  c u r re n t  re s e a rc h  to p ic  [OYAMA 1989, KWON 19911.
1 .2 .2  AC/DC/AC Conversion
In p ra c tic e , excep t fo r  a  few  specia l c a se s  o f very  high pow er, lo w -sp eed  
ap p lica tio n s , w here cy c lco n v erte rs  a re  used, v a r ia b le -freq u en c y  d riv e s  em ploy 
in v e r te rs  w ith  a  d.c. link. Thus, pow er conversion  co n sis ts  o f  tw o  s ta g e s  -  
a  r e c t i f i e r  a t  th e  f r o n t  end to  convert th e  m ains a .c . to  d .c ., fo llow ed  by 
an  in v e r te r  a t  th e  o th e r  end to  g e n e ra te  v a r ia b le - f  requency  v a r ia b le -v o lta g e  
fo r  th e  m achine. In g en e ra l, th e re  Eire tw o  ty p es  o f  th is  in d ire c t  pow er 
conversion , c u rre n t-so u rc e d  and v o ltag e -so u rced  co n fig u ra tio n s . The
d e fin itio n  o f c u r re n t-so u rc e d  and v o ltag e -so u rced  is on th e  b as is  o f  w h e th e r 
th e  dc link behaves a s  a  c u r re n t  so u rce  o r  a  v o ltage  so u rce , and  th e i r  
f e a tu r e s  have been com pared by B. K. BOSE [BOSE 19861.
1.3 H a r m o n ie s ,  P o w e r  F a c to r  a n d  R e g e n e r a t io n
Fig. 1-1 show s th e  sch em atic  o f a  conventional v o ltag e -so u rced  pow er 
conversion , w hich is  w idely used in a .c . d rives. The d isad v an ta g es  o f  th is  
c o n f ig u ra tio n  a re  w ell-k n o w n :- (i) th e  input c u r re n t w avefo rm  is  sev e re ly  
d is to r te d  (th e  c u r re n t  co n ta in s  17.5% 5 th  harm onic, 11% 7 th  harm on ic  and  
o th e r  o rd e r  harm onics); (ii) th e  pow er fa c to r  is co rresp o n d in g ly  d eg rad ed , 
and , (iii) th e  c irc u i t  does no t p erm it reg en e ra tio n  o f pow er.
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Fig. 1-1 Conventional V oltage-Sourced  AC/DC/AC
P ow er Conversion f o r  A.C. Drives
1.3.1 H arm onics in A.C. Line C u rren ts
The a p p lic a tio n s  o f s ta t ic  pow er co n v e rte r  d rives, both ac  and dc, over th e  
com plete  ra n g e  o f m achine ra tin g s , have grow n rap id ly  in th e  p a s t  tw o  
d ecad es. At one tim e, connecting  one sm all s ta t ic  pow er c o n v e r te r  to  a
la rg e  pow er system  re su lte d  in only a sm all am ount o f harm on ic  d is to r tio n  in 
th e  p o w er system . Now, i t  is claim ed by some a u th o rs  th a t  harm on ic  
c o n s id e ra tio n s  f o r  a lm ost any in d u s tr ia l pow er system  re q u ire  a lm o st a s  m uch 
a t te n t io n  a s  s h o r t  c irc u it  and overvo ltage co n sid era tio n s [STRATFORD 1980, 
SMITH 1984, RICE 1986, KLOSS 1991],
To i l lu s t r a te  th e  problem s due to  c u r re n t  harm onics i in th e  in p u t c u r re n t  
i o f  pow er e lec tro n ic  equipm ent, consider th e  sim ple block d iag ram  o f  
F ig . 1-2. Because o f th e  n o n -zero  in te rn a l im pedance o f the m ains, w hich  is  
sim ply  re p re se n te d  by L , th e  v o ltage  w aveform  a t  th e  p o in t o f  common
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Fig. 1-2 The Supply System
coupling  to  th e  o th e r loads w ill become d is to rte d , w hich m ay cau se  th em  to  
m alfu n c tio n . In ad d itio n  to  th e  v o ltage w aveform  d is to r tio n , som e o th e r  
p ro b lem s due to  th e  harm onic c u r re n ts  i a re  a s  fo llow s:-
o If th e  inductive re a c ta n c e  o f th e  source and  th e  pow er f a c to r  
im provem ent cap ac itiv e  re a c ta n c e  re so n a te  a t  th e  harm o n ic
frequency , ad d itio n a l h ea tin g  and overvoltage can  occur; 
o  E rro rs  in m eterin g  and m alfunction ing  o f u ti li ty  re la y s ;
o Very poor pow er f a c to r  w hich can lead to  equipm ent in su la tio n
fa ilu re s , fu se  m elting , and e x c e s s iv e  o p e r a t i o n  o f  p ro te c tiv e
equipm ent;
o  In te rfe re n c e  w ith  com m unication and con tro l s ig n a ls .
In view  of th e  ra p id  in c re ase  o f  pow er e lec tro n ic  equipm ent connected  to  th e  
m ains, a  num ber o f s ta n d a rd s  and guidelines have been e s ta b lish ed  th a t  
sp ec ify  lim its  on th e  m agn itude o f harm onic c u r re n ts  and supply v o ltag e  
d is to r tio n  a t  various harm onic freq u en c ie s  in o rd e r to  m a in ta in  good pow er 
q u a lity  (e.g. lEC NORM 555-3 , IEEE-519, EN50 006].
One o f  th e  s ta n d a rd s  c ited  h e re  is th e  rev ised  IEEE-519, a s  show n in T ab le  
1-1 and T able 1-2, w hich sp ec if ie s  re q u irem en ts  on th e  u s e r  as  w ell a s  on th e  
u t i l i ty  au th o rity . T able 1-1 l i s ts  th e  lim its  on th e  harm onic  c u r re n ts
th a t  a  u se r  o f pow er e lec tro n ic  equipm ent and o th e r  n o n lin ear lo ad s is 
a llow ed  to  in jec t in to  th e  m ains. T ab le  1-2 l is ts  th e  q u a lity  o f v o ltag e  
th a t  th e  u ti li ty  a u th o r ity  m ust supply  th e  u se r. A u t i l i ty  w ill be ab le  to  
fu rn is h  th e  vo ltage a s  lis te d  in T ab le l-2 , provided th a t  th e  h arm o n ics  
c u r re n ts  in jec ted  by th e  u s e rs  on a  d is tr ib u tio n  f  eed er a r e  lim ited  in 
acco rd an ce  w ith  T able 1-1.
The vo ltag e  d is to r tio n  a t  th e  p o in t o f  common coupling in Fig. 1-2 depends on 
th e  in te rn a l im pedance o f th e  a .c . sou rce , w hich is u su a lly  h ighly  inductive , 
and  th e  m agnitudes o f th e  in jec ted  c u r re n t  harm onics. At a  harm on ic  h o f  
th e  supply  frequency  w, th e  harm on ic  v o ltag e  a t  th e  common p o in t i s : -
V = ( h 6> L ) I (1-1)h u h
w h ere  I^ is th e  h - th  harm onic c u r re n t  in jec ted  in to  th e  a .c . supply.
T a b le  1-1
H a r m o n ic  C u r r e n t  D i s t o r t i o n  ( I  / I  ) In %: H a rm o n ic  c u r r e n t  l i m i t s  f o r
a n o n l i n e a r  l o a d  c o n n e c t e d  t o  a pub l i e  u t i l i t y  a t  t h e  p o i n t  o f  
comm o n  c o u p l i n g  w i t h  o t h e r  1 o ads  a t  v o l t a g e s  o f  2 . 4  t o  6 9 K V
■ s / ‘ f
Odd H a r m o n i c  O rder  h
h < 11 1 1< h < 1 7 1 7 < h < 2 3  2 3 < h < 3 5 35 < h
T o t a l
H a r m o n i c
d i s t o r t i o n
< 20 4 . 0 2 . 0 1 . 5 0 .  6 0 . 3 5 . 0
2 0 - 5 0 7 . 0 3 . 5 2 . 5 1.  0 0 . 5 8 . 0
50  -  100 1 0 . 0 4 . 5 4 . 0 1 . 5 0 . 7 1 2 . 0
100 -  1000 1 2 . 0 5 . 5 5 . 0 2 .  0 1 . 0 1 5 . 0
> 1 0 0 0 1 5 . 0 7 . 5 6 . 0 2 .  5 1 .4 2 0  . 0
N o t e s  :
1 .  I i ss  s t h e m a x i m u m s h o r t - c i r c u i t  c u r r e n t a t  t h e c o m m o n c o up 1 1 n g p o I n t .
2 .  Is  t h e  m a x i m u m  f u n d a m e n t a l  f r e q u e n c y  lo a d  c u r r e n t  a t  t h e  c om m om  p o in t .
3 .  E v e n  h a r m o n i c s  a r e  l i m i t e d  t o  25% o f  t h e  odd h a r m o n i c  l i m i t s  a b o v e .
S o u r c e s  : (1 ) MOH AN[  1 9 8 9 ] ,  p p . 4 1 2 - 4 1 3  
(2 ) DUF FEY [ 1 9 8 8]
T able 1 -2
H a r m o n i c  V o l t a g e  L i m i t s  ( V /  V ) In % f o r  P o w er  P r o d u c e r sh f
2 . 3  - 6 9  kV 69-138kV > 1 38kV
M a x im u m  f o r  I n d i v l d a l  
h a r m o n  i c 3 . 0 1 .5 1 . 0
T o t a l  h a r m o n i c  
d l s t o r t l o n ( T H D ) 5 . 0 2 . 5 1 . 5
N o t e s ;  T h i s  t a b l e  l i s t s  t h e  q u a l i t y  o f  t h e  v o l  ta g e  t h a  t  t h e  p o w er  p r o d u ce  r i s  
r e q u i r e d  t o  f u r n i s h  a u s e r .  I t  I s  b a s e d  on t h e  v o l t a g e  l e v e l  a t  which  
t h e  u s e r  i s  s u p p l i e d .
The in te rn a l inductance L is o ften  sp ec ified  in te rm s  o f  th e  s h o r t  c irc u i t
c u r re n t  I . On a  p e r -p h a se  b as is , I w ill be th e  p e r-p h a se  r .m .s .  c u r re n tss ss
supp lied  by th e  a .c . so u rce  to  th e  fa u lt ,  if  a ll th re e  p h ases  a r e  s h o rte d  to  
g ro u n d :-
I = -------------------------------------------------- (1.2)
u
w h ere  V is  th e  r .m .s . value o f  th e  p e r-p h ase  in te rn a l vo ltag e  o f  th e  a .c ,rms
so u rce . From  E q n s .( l- l)  and (1-2), th e  harm onic vo ltage can  be ex p re sse d
a s : -
V I
V % = ------—  X 100 = h — ^  X 100 (1.3)
^ V Irms ss
If  I^ is  th e  rm s value o f th e  fu n d am en ta l com ponent o f th e  c u r re n t  d ra w n  by 
th e  p ow er e lec tro n ic  load, th en  dividing both  I and I in  E q n .(l-3 ) by  Ih s s  f
r e s u l ts  in :-
(I / I  )
V % = h ---- -— —  xlOO (1.4)
 ^ (I / I  )ss f
w h ere  (I^^I^) re p re s e n ts  th e  cap ac ity  o f th e  m ains w ith  re s p e c t  to  th e  
fu n d a m e n ta l-fre q u en cy  v o lt-am p eres  o f th e  load. This eq u a tio n  show s th a t  
f o r  an  accep tab le  harm onic vo ltage d is to r tio n , a  h ig h er harm on ic  c u r re n t  
r a t io  (I / I  ) is allow ed f o r  a  h igher (I / I  ) ra tio  in  T ab le  1-1. Inh f ss f
ad d itio n , th e  harm onic vo ltage d is to r tio n  is p ro p o rtio n a l to  th e  h arm o n ic  
o rd e r  h, and th e re fo re  th e  m axim um  allow able harm onic c u r re n t  r a t io  (I / I  )h f
d ec rea se s  w ith  in creasin g  value o f h, a s  show n in Table 1-1.
To q u an tify  th e  d is to r tio n  in th e  c u r re n t  w aveform , a  q u a n tity  ca lled  th e  
to ta l  ha rm o n ic  d is to r t io n  (THD) is defined  a s : -
THD% = ----- —   xlOO (1.5)
t o t a l
w h ere  I is th e  to ta l  c u r re n t  ( r .m .s .)  d raw n  from  th e  m ains. I t  shou ldto ta l
be n o ted  th a t  th e  to ta l h a rm o n ic  d is to r t io n  allow ed in T ab le  1-1 in c re a se s
w ith  th e  ra tio  (I^^/I^). E xam ples o f th e  ap p lica tio n  o f T ab les  1-1 and  1-2
can  be found in th e  w ork  o f D uffey  [DUFFEY 1988].
C onventional diode re c t i f ie r s ,  w hich a re  w idely used fo r  in te r fa c in g  pow er 
e le c tro n ic  equipm ent to  th e  m ains, m ay easily  exceed th e  lim its  on b o th  
ind iv idual c u r re n t  harm onics and th e  to ta l  harm onic d is to r t io n  sp ec if ie d  in 
T ab le  1-1 [STRATFORD 1980, SMITH 1984].
1 .3 .2  Pow er F ac to r
T he p ow er fa c to r ,  PF, a t  w hich an  equipm ent o p e ra te s  is  th e  p ro d u c t o f  th e  
c u r r e n t  ra tio  (I^/I^  ^  ^) and th e  d isp lacem en t pow er fa c to r ,  D PF:-
p o w e r  I
PF = ----------------------  = — L  DPF (1.6)
v o l t -  a m p e re  It o t a l
A la rg e  d is to r tio n  in line c u r re n t  w ill r e s u lt  in a  sm all value o f  th e  
c u r re n t  r a t io  (I^/l^^^^^), and hence a  sm all value o f PF, even i f  DPF is 
c lo se  to  un ity .
NThe pow er fa c to r  in d ica te s  how e ffec tiv e ly  th e  equipm ent d ra w s  p o w er fro m  th e  
m ains; a t  a low pow er fa c to r ,  th e  rm s c u r re n t  d raw n by th e  equ ipm ent w ill be 
r e la t iv e ly  la rg e , th u s  re q u ir in g  in c reased  v o lt-am p ere  r a tin g s  o f  th e  u t i l i ty  
equ ipm en t such a s  tra n s fo rm e r ,  tran sm iss io n  lines, and g e n e ra to r .
In g en e ra l, th e  c u r re n t  d raw n  fro m  th e  m ains by conven tional r e c t i f i e r s  
c o n ta in s  a  la rg e  am ount o f harm onics. T h e re fo re , th e  pow er f a c to r  a t  w hich 
a  conven tional r e c t i f ie r  o p e ra te s  fro m  th e  m ains is  d eg raded  even though  th e  
d isp lacem en t pow er f a c to r  is  good.
1 .3 .3  R eg en era tio n
In m any ap p lica tio n s , th e  m achine speed has to  be red u ced , even to  
s ta n d s t i l l ,  quickly and rep ea ted ly . In reg en e ra tiv e  o p e ra tio n , th e  b rak in g
en e rg y  (usually  o rig in a lly  k in e tic ) is se n t back fro m  th e  m achine to  th e  d .c . 
link  by re v e rs in g  flo w  o f  th e  d.c. link c u rre n t. Since th e  c u r re n t
d ire c tio n  th ro u g h  th e  conventional diode r e c t i f ie r  can n o t re v e rse , som e 
m echan ism  m u st be im plem ented to  handle th is  energy d u rin g  b rak in g ; o th e rw ise  
th e  d .c . vo ltag e  can  re a c h  d e s tru c tiv e  levels.
A w idely  used s tra te g y  a t  p re se n t is to  sw itch  a  r e s is to r  in p a ra l le l  w ith  
th e  d .c . link c a p a c ito r , a s  shown in Fig. 1-1, when th e  c a p a c ito r  v o ltag e  
ex ceed s a  p re s e t  level, in o rd e r  to  d is s ip a te  th e  re tu rn e d  energy . T his 
c le a r ly  red u ces  effic ien cy , and is  considered  to  be u n ac cep tab le  in som e 
ap p lica tio n s ; th e  added equipm ent a lso  in c re a se s  th e  size  and co st.
1.4 S o lu t io n s  to  th e  P r o b le m s
To solve th e  problem  o f  harm on ics in jec ted  in to  th e  m ains, w hich m ay ea s ily  
b re a c h  th e  increasing ly  s tr in g e n t  re g u la tio n s , and th e  p rob lem  o f  
u n i-d ire c tio n a l pow er flow  in conventional r e c t i f ie r s ,  th e re  have been 
in v es tig a tio n s  in to  a num ber o f possib le  w ays of im proving th e  in p u t c u r re n t  
w av efo rm s and reg en e ra tiv e  ca p ab ility  o f th e  co n v erte rs .
The so lu tions may be divided in to  th re e  b road  groups. The f i r s t  c o n s is ts  o f  
p assiv e  techn iques fo r  im proving th e  c u r re n t w aveform  [see 1.4.1.1]; th e
second co n sis ts  o f ac tive  c irc u i ts  w hich can  e ith e r  im prove th e  w av efo rm  [see
1.4.1.2] o r  provide a  re g e n e ra tiv e  ca p ab ility  [see 1.4.2], b u t n o t bo th ; th e
th ird ,  th e  su b jec t o f th is  d is s e r ta tio n , is  an  ac tiv e  c irc u it  w ith  b o th  th e
w aveshap ing  and th e  re g en e ra tiv e  cap ab ility .
1.4.1 Input C u rren t and Pow er F a c to r
1.4.1.1 passive techniques
The s im p lest approach  is to  add inductance on both th e  a .c . and  th e  d .c . s id e  
o f  th e  r e c t i f ie r  bridge. The added in d u cto r on th e  d .c . s id e  re d u ces  th e  
d .c . c u r re n t rip p le  and a lso  red u ces  som ew hat th e  a .c . c u r re n t  h arm o n ics; 
th u s  th e  pow er fa c to r  is im proved. The ind u cto rs in th e  a .c . s id e  in c re a se  
th e  com m utation  tim e and consequen tly  slow  down th e  s h a rp  r is in g  and  fa ll in g  
edges o f th e  cu rre n ts , f u r th e r  red u cin g  th e  harm onic co n ten t o f  th e  a .c . 
H ow ever, in p ra c tic e  th e  red u c tio n  o f  th e  harm onics is  lim ited  sin ce  th e  
a llo w ab le  value o f th e  inductance is lim ited  by th e  v o ltag e  d ro p  on th e  a .c .
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sid e  and  dynam ic dem ands on th e  d .c. side. A m ethod f o r  c a lc u la tin g  
h arm o n ic  c u r re n ts  o f a  b rid g e  r e c t i f i e r  w ith  th e  f i l t e r s  h as  been d esc rib ed  
by Sakui ISAKUI 19891.
A n o th er app roach  to  using passive  f i l t e r s  is shown in Fig. 1-3. On th e  a .c . 
s id e , th re e  s e r ie s  LC f i l t e r s  a r e  connected betw een th e  p h ases , th u s  
f i l te r in g  th e  vo ltag e  harm onics de term ined  by th e  p a ra m e te rs  o f  th e  f i l t e r s .  
In view  o f th e  v a r ia tio n s  o f th e  p a ra m e te rs  o f  th e  m ains, such  a s  
s h o r t - c i r c u i t  im pedance, tran sm iss io n  line e f fe c ts ,  harm on ic  v o ltag e  levels, 
th e  design  o f a  p ro p e r f i l t e r  s t i l l  needs f u r th e r  in v es tig a tio n . In
a d d itio n , in tro d u cin g  such f i l t e r s  in th e  system  may cau se  re so n an ce  [V.d. 
BOSSCHE 19921.
A.c. Mains D.C. LinkI
Fig. 1-3 P assive LC F il te r s  on th e  A.C. Side
In g en e ra l, passive  w aveshaping tech n iq u es have th e  ad v an tag e  o f  being  easy  
to  u n d e rs ta n d , easy  to  im plem ent, and re lia b le . How ever, th ey  a lso  have 
se v e ra l d isad v an tag es , w hich include:-
o  bulk and w eight;
11
o th e  re la tiv e ly  high c o s ts  o f re ac tiv e  com ponents;
o a  n a rro w  ran g e  o f o p e ra tin g  po in ts  fo r  w hich th e  in p u t pow er
fa c to r  can  be optim ized; 
o th e  re la tiv e ly  la rg e  inpu t inducto r w hich r e s u l t s  in  a
s ig n if ic a n t red u ctio n  in d .c . vo ltage and in pow er re g u la tio n ,
and a lso  has an ad v e rse  e f fe c t  on th e  in v e rte r  co n tro l.
T hese d isad v an tag es can  be e lim inated  th ro u g h  th e  use o f  a c tiv e  in p u t c u r re n t  
w aveshap ing  techn iques, d iscussed  in  w h a t fo llow s.
1.4.1.2 ac tiv e  shaping  techn iques
C u rre n t shaping  techn iques have been w idely used in p re - re g u la tio n  o f  a  
s in g le -p h ase  diode b rid g e  r e c t i f ie r  [KOCHER 1983, PRASAD 1988, MULKERN 1988, 
REDE 1985]. The basic  p rin c ip le  c e n tre s  on a  boost ty p e  sw itch  m ode
co n v e rte r . By su itab ly  a c tiv a tin g  th e  boost sw itch , th e  in p u t c u r re n t
w avefo rm  can be m ade sinuso idal and in phase  w ith  th e  supply  v o ltag e . T h is  
sh ap in g  techn ique h as  a lso  been in tro d u ced  in to  th re e -p h a se  diode b rid g es . 
F ig. 1-4 show s a  th re e -p h a se  r e c t i f ie r  using  th re e  s in g le -p h ase  d iode b rid g es
w ith  a  c u r re n t-sh a p in g  c irc u it  in each  b ridge [KOCHER 1983]. V arious
sh ap in g  techn iques used in th e  s in g le -p h ase  b rid g e  may be used  in  th is  
c o n fig u ra tio n  IREDL 1985]. However, th is  c o n fig u ra tio n  h a s  som e
d isad v an ta g es , such a s  (i) re q u ir in g  o f e ie c tr ic a l  iso la tio n , (ii) 
com plicated  inpu t syn ch ro n iza tio n  logic, (iii) th e  e x is ten c e  o f  tr ip le n
harm o n ics  in th e  line c u r re n t  due to  th e  v a ria tio n s  in pow er c irc u i t  c o n tro l 
p a ra m e te rs  am ong th e  th re e  individual r e c t i f ie r s ,  and (iv) re q u ir in g  m ore 
com ponents.
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Fig. 1-4 An Active C u rre n t Shaping Technique 
Using T hree  S ing le-P hase  R ec tifie rs
R ecen tly , an o th e r co n fig u ra tio n  h as been proposed, a s  show n in  F ig . 1-5
(PRASAD 1991]. I t  needs only one boost sw itch  Q, in co n ju n c tio n  w ith  a
conven tional th re e -p h a se  diode b ridge. Since th e  d iscon tinuous c u r re n t  m ode 
is  u sed  to  co n tro l th e  a .c . c u r re n t  i t  h as  th e  d isad v an tag es  o f  s u b s ta n tia l ly
in c re a s in g  th e  c u r re n t r a tin g  o f th e  sw itch in g  devices and  th e  h igh  fre q u e n c y
r ip p le -c o n te n t o f th e  a .c . inpu t c u r re n ts . Such techn iques f o r  th re e -p h a s e  
d iode b rid g es  a re  s t i l l  th e  su b je c t o f  c u r re n t  re sea rc h  to p ic  (KOLAR 1992, 
PFO RR 1992].
I nput  Filter D.C. Link
Fig. 1-5 An Active C u rren t Shaping T echnique fo r  T h re e -P h ase  R e c tif ie r
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1.4.2 R egenerative C apability
W ith a  v o ltag e-so u rced  link co n fig u ra tio n , th e re  a r e  sev e ra l p o ss ib ilit ie s  
f o r  achieving a  b i-d ire c tio n a l pow er flow . One w ell-know  ap p ro ach  used  in 
th e  p a s t has been to  em ploy tw o  b ac k -to -b ac k  con n ected  l in e - f  requency  
th y r is to r  co n v e rte rs , as  is  show n in Fig. 1-6. D uring  th e  n o rm al m ode, 
co n v e rte r  1 a c ts  a s  a  r e c t i f i e r  and th e  pow er flow s fro m  th e  a .c .  in p u t to
th e  d .c. link. D uring re g e n e ra tiv e  mode, th e  g a te  pu lses  to  th e  th y r is to r s
o f c o n v e rte r  1 a re  blocked and c o n v e rte r  2 o p e ra te s  in an  in v e r te r  m ode w h ere  
th e  p o la rity  o f d .c. vo ltage rem a in s  th e  sam e bu t th e  d ire c tio n  o f  d .c .
c u r re n t  is rev ersed  and th e  pow er flo w  is  rev e rsed . The d raw b ack s
asso c ia te d  w ith  th is  app roach  a re  obv ious:- (i) th e  in p u t c u r re n t  h a s  a  
d is to r te d  w aveform  and th e  pow er f a c to r  is  poor; (ii) th e  d .c . v o ltag e  is 
lim ited  in th e  in v e rte r  mode because  o f th e  m inim um  e x tin c tio n  ang le  
re q u irem en t o f co n v e rte r 2 w hile  i t  o p e ra te s  in  an  in v e r te r  mode; and  (iii) 
th e re  is  a  p o ssib ility  o f com m utation  fa ilu re  in th e  in v e r te r  m ode due to
a .c . line d is tu rb an ces.
A.c. Mains Converter  1 D.C. Link%
%
Î
Converter 2
Fig. 1-6 B ack-to-B ack  C o n fig u ra tio n  f o r  B id irectional P ow er F low
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A nother approach  uses an  au x ilia ry  c irc u i t  to  re v e rse  th e  p o la r i ty  o f  th e  
connection  to  th e  d .c. link f i l t e r  c a p a c ito r  d u rin g  re g e n e ra tio n  [SCHAUDER 
1988], a s  shown in Fig. 1-7. It w as su ccessfu lly  used in com m ercia l PWM 
in v e r te r  p roduc ts . But th e  p rob lem s o f  th e  a .c . c u r re n t  h arm o n ics  and th e  
p o o r pow er f a c to r  s t i l l  rem ain . A p assiv e  f i l t e r  d iscussed  above h as  to  be 
used  to  e lim in a te  harm onics in jec ted  in to  th e  m ains to  m eet th e  re g u la tio n s .
A.c. Mains D.C. Link
Fig. 1-7 An A uxiliary  C ircu it in th e  D.C. Link fo r  B id irec tio n al P ow er F low
A b e t t e r  a lte rn a tiv e  is  to  use  a  f  o u r-q u a d ra n t c o n v e rte r , a  so -c a lle d
r e v e r s i b l e  r e c t i f i e r , to  rep lace  a  conventional diode o r  th y r i s to r  b rid g e , a s  
show n in Fig. 1-8. Such a  re v e rs ib le  r e c t i f ie r  is  ca p ab le  o f  supply ing
sin u so id a l input c u r re n t a t  a  u n ity  pow er fa c to r ;  in ad d itio n , th e  p o w er flo w  
th ro u g h  th e  co n v e rte r is re v e rs ib le . The h is to ry  o f p rev ious w ork  on th is
tech n iq u e  is given la te r ,  in sec tio n  1.6.
1.5 C o n tro l  S y s t e m s  o f  a R e v e r s i b l e  R e c t i f i e r
The technology o f th e  re v e rs ib le  r e c t i f ie r  divides in to  tw o  a r e a s  o f 
in te re s t .  One is th a t  o f th e  pow er e lec tro n ic  devices, th e i r  d riv in g
c irc u its ,  and any a u x ilia ry  com ponents f o r  p ro tec tio n . T he c irc u i t  is
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o u t
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RB dc
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Fig. 1-8 A V oltage-Sourced  R eversib le R e c tif ie r
e s se n tia lly  a th re e  phase in v e r te r  f o r  w hich th is  a sp e c t o f  th e  techno logy  is
q u ite  w ell known, and so is  no t d iscussed  f u r th e r  in th e  p re se n t w ork. The
o th e r  a r e a  concerns co n tro l, w hich ag a in  subdivides in to  tw o a re a s ,  a s  show n
in F ig. 1-9. The tw o a re a s  a r is e  fro m  th e  tw o fu n c tio n s  o f th e  re v e rs ib le
r e c t i f i e r  — to  achieve good w avefo rm  th e  a .c . c u r re n ts  m ust be co n tro lled ,
w hile  to  re g u la te  th e  pow er flo w  i t  is  m ost convenient to  co n tro l th e  d .c. 
link vo ltage . A b r ie f  o u tlin e  fo llow s, bu t th e  d e ta il is th e  su b je c t o f
th is  d is se r ta tio n .
In essence, th e  pow er c irc u it  o f  a  th re e -p h a se  re v e rs ib le  r e c t i f ie r ,  show n in
Fig. 1-8, looks like a  conventional in v e rte r , bu t w ith  th e  im p o rta n t
d if fe re n c e  th a t  th e  inpu t is  th e  a .c . side, and th e  q u a n titie s  to  be
co n tro lled  a re  th e  d .c. v o ltage E and th e  a .c . c u r re n ts  1 . A lthoughd c  s
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Fig. 1-9 C la ss if ic a tio n  o f C ontrol Schemes
se v e ra l d if fe re n t  sw itch ing  and co n tro l s tr a te g ie s  a re  av a ilab le , they  m ay be 
div ided  in to  tw o ca te g o rie s , nam ely c u r re n t- fo rc e d  schem es and  v o lta g e -fo rc e d  
schem es, accord ing  to  th e  p rin c ip le  o f co n tro l o f  th e  a .c . c u r re n ts .  
F ig . 1-10 shows th e  block d iag ram  o f th e  co n tro l system , w h ere  a  ty p ica l 
d u a l-lo o p  system  is used to  co n tro l b o th  th e  a .c . c u r re n t  and th e  d .c . link 
vo ltage .
1.5.1 V oltage-Forced  Schemes
From  th e  m ath em atica l m odels d iscussed  la te r ,  i t  w ill be seen  th a t  th e  in p u t 
c u r re n ts  a re  governed by co n tro llin g  th e  te rm in a l v o lta g e s  V^. In
v o lta g e -fo rc e d  schem es, th e  a .c . c u r re n ts  a re  n o t m o n ito red  d irec tly . 
In s tea d , th e  fundam ental value o f th e  te rm in a l vo ltage V^ is co n tro lled , by 
ap p ro p ria te ly  a c tu a tin g  th e  pow er devices, to  be o f such m agn itude and  ph ase  
t h a t  v o ltag es  ac ro ss  th e  in d u c to rs  L a re  in q u a d ra tu re  w ith  th e  supply 
v o ltag es  V . This is  equ iva len t to  fo rc in g  th e  pow er f a c to r  to  be un ity ; o f
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Fig. 1-10 Block D iagram  o f th e  C ontrol System
co u rse , i f  some o th e r  phase  angle w ere  to  be chosen th e  pow er f a c to r  could  be 
co n tro lled  a r b i t r a r i ly .  The sinuso ida l c u r re n t w aveform s a r e  g u a ra n te e d  by 
em ploying a  su itab le  m odulation  techn ique and se lec tin g  an  a p p ro p r ia te  v alue  
o f  in p u t inductance and d .c. link vo ltage. The pow er f lo w  is  governed  by 
th e  m agnitude o f th e  v o ltages a c ro ss  th e  inpu t in d u c to rs ; i t  is  n o rm ally  
co n tro lled  by th e  second loop w hich re g u la te s  th e  d.c. link v o ltag e .
1 .5 .2  C u rre n t-F o rced  Schemes
In th is  schem e, th e  a .c . c u r re n ts  a r e  m onito red  and com pared  w ith  r e fe re n c e  
c u r re n ts .  The d iffe re n c e s  (e rro rs )  can  be d irec tly  u sed  to  d e te rm in e  th e  
sw itch in g  o f th e  pow er devices in th e  r e c t i f i e r  (h y s te re s is  com p ariso n ) o r  to  
c a lc u la te  th e  req u ired  in s tan tan eo u s  value o f th e  te rm in a l v o ltag e  
(p red ic tiv e  co n tro l schem e). I f  a  su itab le  m ethod o f co m p ariso n  is  chosen , 
th e  ac tu a l c u r re n ts  can be "forced" to  tra c k  th e  re fe re n c e . T he sh ap e  o f
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th e  re fe re n c e  w aveform , w hich is  usually  m ade s in u so id a l, is  g e n e ra te d
s e p a ra te ly , and i t  is p h ase-locked  to . th e  m ains. T he am p litu d e  o f th e  
re fe re n c e  c u r re n ts  should be o f ju s t  th e  r ig h t  value fo r  th e  p ow er d ra w n  fro m  
th e  supply  to  ba lan ce  th e  pow er supplied  by th e  load, u sua lly  an  in v e r te r  fed  
to  an  a .c . m achine. T his balance is reg u la ted  by c o n tro llin g  th e  d .c , link  
vo ltag e ; i t  w ill be seen th a t  b e t te r  perfo rm an ce  is possib le  i f  th e re  is  a lso  
in je c tio n  o f in fo rm atio n  abou t th e  load.
1.6 L i t e r a t u r e  S u r v e y  a n d  O b j e c t iv e  o f  P r e s e n t  R e s e a r c h
S tu d ies  on re v e rs ib le  r e c t i f i e r s  seem  to  have s ta r te d  ab o u t a  decade ago
[KATAOKA 19791, and th e re  w e re  a  few  re p o r ts  o f such r e c t i f i e r s  in  d riv e
sy s tem s  f o r  asynchronous m achines lOOI, 19881 and synchronous m ach ines
(DIXON, 19871. Some s ta n d a rd  c u r re n t-c o n tro l schem es f o r  in v e r te rs ,  such  a s  
th e  sim p le  h y s te re s is  com parison  (o r b ang-bang  con tro l) schem e, w e re  d ire c tly  
used  in  th e  co n tro l o f  re v e rs ib le  r e c t i f ie r s  (NISHIMOTG 1987, OOI 1987,1988, 
GREEN 19881. When th e  p re sen ted  re se a rc h  s ta r te d  in 1989, d iscu ssio n s in 
th e  l i te r a tu r e  re g a rd in g  c u r r e n t - f  o rced  schem es had been found  to  be
r e s t r ic t e d  to  sim ple im plem entations using  h y ste re s is  com parison  tech n iq u es  
f o r  co n tro llin g  th e  a .c . c u r re n t. In p a ra lle l w ith  th e  p re s e n t  re s e a rc h
w ork , o th e r  c u r re n t- fo rc e d  schem es w ere  also  being im plem ented , such  a s
p re d ic tiv e  co n tro l schem es [WU 1990, HABETLER 19911. In ad d itio n , th e re  
w e re  a  fe w  re p o r ts  o f v o ltag e -fo rce d  schem es (WERNEKINCK 1987, DIXON 1988, 
GREEN 1988, SUGIMOTO 19881. Some a u th o rs  stud ied  th e  s ta b i l i ty  o f  c o n tro l 
sy s tem  [BOYS 1989, DIXON 19881, b u t th e  im p o rtan t a sp e c t o f design ing  a  
su ita b le  c o n tro lle r  ap p e a rs  so f a r  no t to  have been ad d ressed . In jec tio n  o f 
load in fo rm a tio n  to  im prove co n tro l o f pow er flow  w as p roposed  by Sul and
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Lipo in th e ir  paper on a  20KHz re so n an t link asynchronous m achine d riv e  
sy stem  [SUL 1990]. However, th e  e f f e c t  o f th e  load
in fo rm a tio n  in jection  has ap p a ren tly  n o t y e t been stud ied  in d e ta il .
The ob jec tive  o f th e  p re se n t re se a rc h  w ork m ay be sum m arized  a s  fo llo w s :-
(a) To derive th e  m ath em atica l m odels o f a  re v e rs ib le  r e c t i f i e r  and
develop sim u la tion  p ro g ram s f o r  fu r th e r  in v estig a tio n ;
(b) To in v es tig a te  and com pare vario u s co n tro l schem es re le v a n t to  th e
a .c . c u r re n t co n tro l, and d iscu ss  th e  problem s p ec u lia r  to  each , 
thereby  giving a  fram ew o rk  and guidelines fo r  th e  se lec tio n  o f  th e  
b es t schem e fo r  any p a r tic u la r  app lica tion ;
(c) To in v estig a te  th e  pow er flow  co n tro l, s ta b i l i ty  and t r a n s ie n t
response o f th e  co n tro l system  and to  p ropose  a  m ethod f o r
designing a  su ita b le  co n tro lle r ;
(d) To build  a  p ro to ty p e  re v e rs ib le  r e c t i f ie r  in o rd e r  to
u n derstand  com pletely  o p era tio n  o f th e  pow er c irc u it;
(e) To build various co n tro l sy stem s in o rd e r  to  in v e s tig a te  them
experim en tally  and v e rify  th e  th e o re tic a l  an a ly sis ;
T h ere  a re  e ig h t c h a p te rs  in th is  d is se r ta tio n . The p re s e n t c h a p te r  is  an  
in tro d u c tio n . In C hap ter 2, th e  o p e ra tio n  o f th e  pow er c irc u i t  o f th e  
re v e rs ib le  r e c t i f ie r  is d esc rib ed  and i t s  m ath em atica l m odels a r e  derived , 
based  on th e  gen era l know ledge o f a  th re e -p h a se  in v e r te r  and th e  th e o ry  o f 
th e  a .c . m achine. V arious tra c k in g  techn iques p re sen ted  in C h ap te r 3  a re
s tu d ied  w ith  re fe re n ce  to  prev ious w ork on th e  co n tro l o f  th re e -p h a s e
in v e r te rs , bu t some an a ly sis , d iscussion  and th e  com parison  be tw een  th e se  
tech n iq u es used in th e  co n tro l o f re v e rs ib le  r e c t i f ie r s  a r e  believed to  be
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o rig in a l. Basic p rin c ip les  o f the  v o ltag e -fo rced  schem e a r e  p re se n te d  in 
C h ap te r 4; here  th e  d iscussion  abou t th e  minimum value o f  th e  d .c . link  
v o ltag e  and th e  app lica tion  o f th e  th ird  harm onic in jec tio n  to  re d u ce  th is  
value have not been found re p o rte d  in the  l i te ra tu re .  In C h ap te r 5, th e  
s ta b i l i ty  and tra n s ie n t  an a ly sis , w ith  em phasis on design ing  a  s u ita b le  PI 
c o n tro lle r , a re  e n tire ly  o rig in a l. A p re lim in ary  study  o f a  novel c o n tro l 
schem e using th e  th eo ry  o f v a r ia b le  s t ru c tu re  system s is  p re se n te d  in C h ap te r 
6, based  on th e  idea fro m  HABETLER [HABETLER 19891. The p ra c t ic a l  w ork  
re p o r te d  in C hap ter 7 is a lso  e n tire ly  o rig in a l. I t  should  be n o ted  th a t  
p r io r  to  my w ork, th e re  w as no exp erien ce  o f re v e rs ib le  r e c t i f i e r s  a t  th e  
U niversity  o f Surrey. The p ro to ty p e  r e c t i f ie r  and ex p e rim en ta l s e t  up w e re  
a ll designed and co n stru c ted  independently , allow ing  th is  r e s e a rc h  w ork  to  
s t a r t  and continue. F inally , fu tu re  w ork  on re v e rs ib le  r e c t i f i e r s  is
su g g ested  in C hap ter 8.
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CHAPTER 2, FUNDAMENTAL CIRCUIT EQUATIONS
2.1 I n t r o d u c t i o n
T h is c h a p te r  s t a r t s  w ith  a  b r ie f  d e sc rip tio n  o f th e  o p era tio n  o f  th e  p ow er 
c irc u i t .  The re a so n ab le  assum ption  is m ade th a t ,  because  o f th e  inpu t line  
in d u c tan ces , th e  a .c . c u r re n ts  a r e  continuous th ro u g h o u t each  sw itch in g  
cycle . As a  re s u lt ,  a ll th e  pow er devices (sw itch ing  d ev ice /d io d e  p a irs )
can  be t r e a te d  a s  id ea l b i-d ire c tio n a l sw itches, and m a th em atica l m odels
usin g  sw itch in g  fu n c tio n  developed. Models fo r  d if fe re n t  re fe re n c e  f ra m e  
a re  derived . A su ita b le  fo rm  o f th e  m odels w ill be used l a t e r  in  th e
an a ly s is , sim u la tion  and design  o f  th e  c o n tro l system .
2 .2  P o w e r  C i r c u i t  O p e r a t io n
The o p e ra tio n  o f a  v o ltag e -so u rced  re v e rs ib le  r e c t i f ie r  can  be re a d ily  
i l lu s t r a te d  w ith  th e  help  o f a  s in g le -p h ase  r e c t i f ie r ,  a s  shown in  F ig .2-1.
* out i
'dep
V,
(a) (b)
F ig.2-1 A S in g le -P h ase  R eversib le  R ec tif ie r  
(a) Pow er C ircu it (b) S im plified D iagram
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The r e c t i f ie r  d i f f e r s  fro m  a  conven tional vo ltage-doub ling  r e c t i f i e r  in th a t  
an  in v erse  p a ra lle l pow er sw itch  is added a c ro ss  each diode in o rd e r  to  
p rov ide a  co n tro llab le  p a th  f o r  b i-d ire c tio n a l c u r re n t  flow . In ad d itio n , 
th e r e  is an inpu t in d u cto r, L , a s  a  b u f fe r  betw een th e  dc link and  th e  
supply .
B efo re  th e  r e c t i f ie r  can  be co n tro lled  in th e  d esired  mode, th e  tw o
c a p a c ito rs  C and  C m ust have becom e charged  to  th e  peak v o ltage o f th e  P n
supp ly  v^ th ro u g h  tw o  diodes. Once th e  c a p a c ito rs  a re  fu lly  ch a rg ed , th e  
d iodes a re  re v e rse -b ia se d , and th e  v o ltag es  E and E can  be sw itch ed  indcp den
s e r ie s  w ith  th e  supply, v , th ro u g h  th e  tw o pow er sw itch ing  devices Q ands  p
Q .n
In o rd e r  to  p rec lu d e  a  s h o r t - c ir c u i t  o f th e  d .c. link v o ltage th e  d riv e
c irc u i t  m ust en su re  th a t  only one o f th e  devices is sw itched  on a t  any given
tim e . M oreover, because  o f th e  p resen ce  o f th e  inductance, L , w hen a  
device sw itch es  o f f  th e  c u r re n t  com m utates in to  th e  diode o f th e  o th e r  
sw itc h /d io d e  p a ir . When a  con tinuous c u r re n t  is  flow ing  o u t o f th e  c e n tre  
p o in t o f  th e  b ridge, th e  u pper sw itch in g  device Q and low er diode D conductp n
a lte rn a te ly . When th e  c u r re n t  is  flow ing  in to  th e  c e n tre  po in t, th e  low er
device Q and upper d iode D conduct. In essence th e  tw o  sw itc h /d io d en p
p a irs  behave a s  a  tw o -p o le  b i-d ire c tio n a l sw itch . T h ere fo re , th e  pow er 
c irc u i t  in F ig .2 -l(a )  can h e n c e fo r th  be re p re sen te d  by a s im p lified  d iag ra m  
a s  show n in F ig .2 -l(b ) , w h ere  a ll th e  pow er devices and diodes p a ir  a r e
re p laced  by a sing le ideal, " tw o -p o le  sw itch".
T he pow er c irc u it  of a  th re e -p h a s e  v o ltag e-so u rced  re v e rs ib le  r e c t i f i e r
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show n in Fig. 1-8 has th e  sam e co n fig u ra tio n  a s  th a t  o f th e  w ell-know  
th re e -p h a s e  b ridge in v e rte r . The com m utation  occurs betw een  th e  sw itch in g  
dev ices and diodes ju s t  as  in th e  s in g le -p h ase  r e c t i f i e r  d esc rib ed  above. 
In d e ta il  th e  com m utation  is analogous to  th a t  in v o ltag e -so u rced  in v e r te rs ,  
and  can  be found in re fe re n c e  [GRANT 19871,
2 .3  M a th e m a tic a l  M o d e ls
2.3.1 Model o f a  S ing le-P hase  R e c tif ie r
C onsider F ig .2 -l(b ) w ith  th e  ideal sw itch  being tu rn ed  to  th e  p o s itiv e  ra il .  
The c u r re n t  i th en  flo w s th ro u g h  th e  u p p er com ponents, Q o r  D and  i tss p p
r a t e  o f change is  governed b y :-
d i
L  —  =  V -  E, (2.1)s d t  =
S im ilarly , w hen th e  ideal sw itch  is tu rn e d  to  th e  n eg a tiv e  r a i l ,  c u r re n t  i
E
f lo w s  th ro u g h  th e  low er com ponents, Q o r  D , and i ts  r a t e  o f change i s : -
d i
L ----------= V + (2 .2)s  ,, s dend t
The in s tan tan eo u s  value o f th e  input c u r re n t  i is d e term in ed  by Eqns.(2.1) 
and  (2 .2 ), in acco rd an ce  w ith  th e  tw o  sw itch ing  s ta te s .  In th e  norm al 
o p e ra tin g  case , th e  d .c. link vo ltages E and E a re  la rg e r  th a n  th edcp don
peak  value  o f th e  supply  v . So, th e  c u r re n t  i w ill in c re a se  w hen Q o rs s n
D is  conducting , since  di / d t  is p ositive  (governed by E qn .(2 .2 )), and
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d e c re a se  when Q o r  D is  on a s  d i / d t  is  n ega tive  (governed by Eqn.(2.1)). p p s
E q u atio n s  (2.1) and (2 .2) can be re w r i t te n  in te rm s  o f a  sw itch in g  fu n c tio n , 
S, w hich  is defined  a s  tak in g  a  value e ith e r  1 o r  0  acco rd in g  to  th e  
p o sitio n  o f th e  ideal sw itch . T h u s :-
d i
Î
d t
L  — = V -  S E  + ( 1 - S ) E  (2.3)s d c p  den
w h ere
S = 1 co rresp o n d s to  th e  sw itch  being tu rn e d  to  th e
p ositive  r a i l  (Q o r  D is  on), andp p
S = 0  co rresp o n d s to  th e  sw itch  being tu rn e d  to  th e
nega tive  r a i l  (Q o r  D is on)
From  th e  d.c. link, th e  fo llow ing  eq u a tio n s a re  ob ta in ed :-
dE^
c — = s i - 1p P o u t
C ------—  = -(1 - S) i - in s  out
(2.4)
w h ere  i is load c u r re n t. 'o u t
E quations (2.3) and (2.4) d esc rib e  th e  dynam ic behav iou r o f th e  
s in g le -p h ase  re v e rs ib le  r e c t i f ie r  in te rm s  o f th e  sw itch ing  fu n c tio n . If  
th e  sw itch in g  devices a re  ac tu a ted  ap p ro p ria te ly , th a t  is, a  su itab le  
v a r ia tio n  o f sw itch ing  fu n c tio n  th ro u g h  th e  sw itch ing  period  is  chosen, bo th
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th e  inpu t c u r re n t  i and th e  dc link vo ltage  E ( = E + E ) m ay be s dc dcp den
co n tro lled .
2 .3 .2 . Model o f a  T h ree -P h ase  R ec tif ie r
An e x a c t m ath em atica l d esc rip tio n  fo r  a th re e -p h a se  r e c t i f i e r  in te rm s  o f 
sw itch in g  fu n c tio n s  can  be derived  in a s im ila r m anner. The p o w er c irc u i t  
is  s im p lified , a s  show n in F ig .2 -2 (a ), by rep lac in g  th e  d ev ice /d io d e  p a irs  
by th re e  ideal tw o -p o le  sw itches. The s ta te  o f th e se  sw itch es  depends on 
th e  value o f th e  co rresp o n d in g  sw itch ing  fu n c tio n s  ( j  = a ,  b ,  and c ).
N
RJ
(a) (b)
Fig. 2 -2  S im plified  C ircu it o f a  T h ree-P h ase  R ec tif ie r
(a) S im plified  C ircu it (b) P e r-P h a se  E quivalen t C ircu it
When an  ideal sw itch  is tu rn ed  to  th e  positive  ra il  th e  re le v a n t sw itch in g  
fu n c tio n  tak es  th e  value 1, and conversely  th e  value 0.
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F o r p h ase  A, th e  fo llow ing  equa tion  is o b ta in ed ;-
d i
L -----—  + R i  = V = V -  (v + v )  (2 .5)s s  sA aA sA AM MN
The v o ltag e  betw een a and m , v^^, is equal to  th e  d .c. link vo ltage  w hen
th e  sw itch in g  fu n c tio n  S h as  th e  value 1; and v is  ze ro  ( if  th e  v o ltag e  
d ro p  ac ro ss  th e  pow er device is ignored) when ta k e s  value 0, In te rm s
o f th e  sw itch ing  fu n c tio n , E qn.(2 .5) becom es
V = L  —  = -  R i + V - ( S E  + v )  (2 .6)LsA  ^ d t  s  sA sA A dc  MN
E q u atio n s f o r  phase B and  C a re  id en tica l ex cep t fo r  an  a p p ro p r ia te  change 
o f  su b sc rip t.
O ften  in p ra c tic e  th e re  w ill be no n e u tra l  line, and so th e  lin e  c u r re n t  
w ill sum  to  zero : -
i + i „ + i ^ = 0  (2.7)sA sB sC
Then, th e  vo ltage v^^ can  be o b ta ined  by adding  th e  th re e  eq u a tio n s  like 
E q n .(2 ,6 ), and using  (2.7) to  e lim in a te  th e  c u r re n ts .  The re s u lt  i s : -
S u b s titu tin g  E qn.(2.8) in (2 .6), and th e  o th e r  tw o  s im ila r  eq u a tio n s .
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y ie ld s :-
d i A 2 1 1
\ = A  =  ^  -  VRA+ ‘ — \ A  -  - ' ' s B -  - 3 - \ c  '
\ . B  = -  \ b  ^ 4 -% A   ^ 4 - \ b - 4 - \ c  ' (2.9)
VsC = -  VRC+ (- 4 - ^ A  -  4 - \ B  * 4 - ^ C  >
w l,ere = ( 4 -^a " 4 " " b '
V  = ( -  4 - ® a "  4 ® b -  4 = 0  )Ed. (2 (0)
V  = ( -  4 ^ a -  4 ® b + 4 ^ 0 '^do
A no ther d if fe re n tia l  equation  can be ob ta ined  fro m  th e  d .c. link  : -
dE
C ^  = lA^A * ‘sB^B "  -  (out (2-U )
Eqns (2.9) and (2.11) c o n s titu te  a  com plete d if fe re n tia l  eq u a tio n  se t
d esc rib in g  behaviour o f th e  re c t i f ie r .
If th e  p h ase -n e u tra l vo ltages o f  th e  supply a re  sy m m etrica l, th a t  is:-
V + V ^  + V ^  = 0 (2.12)sA sB sC
th e  d if fe re n tia l  equation  s e t  in E qn.(2.9) may be r e w r i t te n  in th e
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co m p ressed  form
V = L ---------- = - R i  - V  +  v  (2.13)LsJ s s  sJ RJ sJd t
( j  =  A, B. and c )
T hus, i t  is possib le  to  re p re se n t a  th re e -p h a se  r e c t i f ie r  by i t s  p e r  p h ase  
eq u iv a len t c irc u it shown in F ig .2 -2 (b ). Note th a t  th e  v a r ia b le s  v v^^ 
and i  ^ a re  in s tan tan eo u s  values. In add ition , th e  te r m in a l  v o l ta g e  v^^
a t  th e  te rm in a l o f th e  r e c t i f ie r ,  is a  d iscontinuous fu n c tio n  depend ing  on 
th e  sw itch in g  fu n c tio n  S^. T his equ ivalen t c irc u it  is a lw ay s v a lid
prov ided  th a t  th e  supply is balanced  and th re e  inpu t in d u c to rs  a r e  
id en tica l.
2 .3 .3  Model in th e  S ta tio n a ry  a—^  F ram e
The model d iscussed  above, ex p ressed  in th e  th re e -p h a se  sy s tem  (A -B-C  
fra m e ), is som etim es inconvenient to  u se  in  an a ly sis . T ra n s fo rm in g  th e
m odel in to  a tw o -p h a se  system , such a s  a  s ta tio n a ry  a - ^  o r  a  ro ta t in g  d -q  
re fe re n c e  fram e , w ill s im plify  re p re s e n ta tio n  and an a ly sis . In th is
sec tio n , th e  model in  th e  a—13 fram e  w ill be derived .
A lthough th e  inpu t in d u c to rs  o f r e c t i f ie r  do no t have to  be p laced  
sy m m etrica lly  in space, unlike th e  w inding o f th re e -p h a s e  m ach ine , i t  is  
n ev e rth e le ss  convenient to  use th e  ax is  a rran g e m e n t o f Fig. 2 -3 . T h is  a lso  
helps in defin ing  and exp lain ing  th e  concept o f space v ec to r , to  be 
d iscu ssed  la te r .
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3 )
Fig. 2 -3  A xes A rrangem ent and T ra n sfo rm a tio n
I t  is  c le a r  fro m  Fig. 2 -3  how th e  balanced supply v o ltag es  in th e  A-B-C f ra m e  
can  be t r a n s f e r r e d  to  th o se  in th e  cc~^ fram e . The o th e r  q u a n titie s , such  
a s  c u r re n ts  i^^ and  te rm in a l vo ltages v^^, can be tra n s fo rm e d  in a  s im ila r  
m an n er. To d eriv e  th e  tra n s fo rm a tio n  re la tio n  i t  is  convenient to  s e t  th e  
a - a x i s  to  be co inc iden t w ith  th e  A -ax is  and ignore  th e  ze ro -seq u e n ce  
com ponent. Then, th e  tra n s fo rm a tio n  re la tio n  can be given a s : -
(2.14)
V r V -, sAs a
= T _ , VO^/ ABC sB
- VsC
w h ere
oj3/abc'
1 - 1 / 2  - 1 / 2  
0 V' 3 / 2  - V  3 / 2
(2.15)
and  th e  co rrespond ing  inverse  tra n s fo rm a tio n  a s : -
3 0
w h ere
r V -1 sA Vsa
V = TsB ABC/ap
- VsC
( 2 .1 6 )
a b c / o /3
1 0  
- 1 / 2  y  3 '/ 2
- 1 /2 V 3 /2
(2.17)
The c o e ffic ien t is used  to  keep th e  pow er c o n s ta n t a f t e r
tra n s fo rm a tio n . Applying tra n s fo rm a tio n  (2.15) in E q n s .(2.13) and  (2.11)
y ie ld s :-
d i sa
d t
d i
=  -  R  i  - V  +  Vs s a  Ra s a
_
d t
(2.18)
dE dc
d t
S i  + S -i _ -  i a  sa  ^  o ut (2.19)
w here
V =  S E =Ra a  dc S , -  - 1 - S  -  —  S EA 2 B 2 C I dc
'"rP -  ^do“  / ? ■  A — (
(2.20)
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s  and  S„ a re  defined  b y :- a  p
r  S n '  ^A ■a
= T _ , sa ^ / A B C B
L p -J ' s  -
s  — —  s  — —  sA 2 B 2 C
(2 . 21)
The v a ria b le s  and a re  defined  in o rd e r  to  sim p lify  th e  n o ta tio n , and
th ey  only have a  m eaning when th ey  a re  m u ltip lied  by th e  a .c . c u r re n ts  o r
th e  d .c . link vo ltage. If  a  sw itch in g  fu n c tio n  v ec to r S = S^+ j  is
d efin ed , a s  w ill be shown la te r ,  and a r e  th e  p ro je c tio n s  o f th e  v e c to r  
S to  th e  a - a x is  and p -a x is , resp ectiv e ly .
2 .3 .4 . Space V ecto r-B ased  Model
In s tu dy ing  a .c . m achines, c e r ta in  q u a n titie s  a re  found  to  have v a r ia b le s
w hich a re  sinuso ida l in tim e, o r s inuso ida lly  d is tr ib u te d  in sp ace , and  
o fte n  both. F or th re e -p h a se  r e c t i f ie r s ,  a ll q u a n titie s  concerned  a r e
fu n c tio n s  in tim e, bu t n o t in space. However, i t  is s t i l l  b en e fic ia l to
"borrow " th e  concept o f s p a c e  ve c to r  f o r  s tudying  r e c t i f ie r s ;  th e  "space" 
can  m ath em atica lly  be re g a rd e d  a s  a  com plex p lane, r a th e r  th a n  a  physica l 
space.
If  th e  a - a x is  is defined  as th e  re a l-a x is  and |3 -ax is  a s  th e  im a g in a ry -a x is
in th e  space  p lane, a space v ec to r model o f a  r e c t i f ie r  can be o b ta ined .
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D efine a  space v ec to rs  (P ark  v e c to rs )a s :-
(1) S u p p ly  vo lta g e  s p a c e  v e c to r  V
Y, = + j  V  = / ¥  (  ] '2 .2 2 )
(2 ) I n p u t  c u r r e n t s p a c e  v e c to r  i
i s  =  ‘s«  " i  'sp  =  / ?  [  ',A + "  'sB + ‘sc )  '2  2 3 )
(3 ) S w itc h in g  fu n c t io n  sp a c e  v e c to r  S(k)
S M  = + J Sp = y C E  [ + a  Sg ) (2.24)
(4 )  R e c t i f i e r  te rm in a l vo lta g e  s p a c e  v e c to r  V (k)—R
Yr<*) =  V  + J \ p  =  y ?  (  + "  '^ RB + V  ]
= / ?  ( “  "b "  I ’ d^o
= S(k) E (2.25)“ dc
w here
<% = = -  _ i_  H. j
2 j ( - 2 7 T /3 )  1 . V 3  'd  = e  = _ _ _  j _
Then, th e  equa tion  (2.18) can  be ex p ressed  in te rm s  o f space v e c to rs  as:
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d i
L — —  = -  R i -  V (k) + Vs s  —s —R —sd t
= -  R i » S(k) E + Vs —s  — dc  —s ( 2 . 2 6 )
I t  should be no ted  th a t  a  v ec to r q u an tity  m ust be sp ec ified  by b o th  i t s
m agn itude and i t s  d irec tio n  in space. In th e  space  v ec to r m odel, th e  
supply  vo ltage  v ec to r r o ta te s  a t  th e  an g u la r frequency  w o f th e  supply  on 
th e  space  plane, w ith  a  co n s ta n t m agnitude, / - ^ V  , w h ere  V is  th eV 3 2 sm s m
m ag n itu d e  o f th e  p h a s e -n e u tra l  vo ltage  of th e  m ains. P ro je c tio n s  o f  th e  
supply  vo ltage v ec to r V and th e  inpu t c u r re n t v ec to r i  to  th e  phase  ax e s
— S  — s
give th e  co rresp o n d in g  in s tan tan eo u s  p h a se -n e u tra l q u a n titie s , m u ltip lied  by
a  f a c to r  o f
q
Fig-2 -4  Space V ecto rs o f th e  T erm inal V oltage
The te rm in a l vo ltag e  v ec to r V^(k), as  well a s  th e  sw itch in g  fu n c tio n  v ec to r 
S (k), how ever, h as  th e  e ig h t d is tin c t com ponents in th e  p lan e  show n in 
F ig .2 -3  T his is  because i t  depends on th e  sw itch in g  fu n c tio n s  S^, S^ and
3 4
S^, each  o f w hich h as  tw o  logic s ta te s ,  1 o r  0, and so only 2^= 8
com binations a re  ava ilab le . F o r convenience a decim al num ber k  is  used  to  
re p re s e n t  th ese  e ig h t d is t in c t  com ponents. The decim al num ber k  is
co n v erted  fro m  a 3 -b i t  b in a ry  num ber, w ith  being th e  le a s t  s ig n if ic a n t 
bit(LSB) and S^the m ost s ig n if ic a n t bit(MSB). If  th e  com bination  o f th e  
sw itch in g  function  h as  a  s t a t e  o f 100, fo r  exam ple, th e  co rresp o n d in g
decim al num ber k  is 4 and th e  te rm in a l vo ltage v ec to r th e r e f  o re  h a s  a  
com ponent V^(4).
V ec to rs  V (I) ~ V (6) a re  ca lled  ac tiv e  v ec to rs  o r nonzero  v o ltag e  v ec to rs  - R  - R  ^
w hich  have a  leng th  o f y / —~  C orrespondingly , tw o n o n -a c tiv e  v ec to rs
o r  z e ro  vo ltage v ec to rs , V (0) and V (7), have a  ze ro  leng th , w hich  is a
— R  — R
consequence of e i th e r  a ll th e  u p p er devices o r  a ll th e  low er dev ices being 
on.
C om binations o f th e  sw itch in g  fu n c tio n s  in a  sw itch in g  cycle g e n e ra te  a  
co rresp o n d in g  V^(k). The c u r re n t  v ec to r i , which is governed  by
E qn .(2 .26), w ill hence be ab le  to  be determ ined . P ro p e r se lec tio n  o f th e
sw itch in g  fu n c tio n s w ill a llow  p roduc tion  o f th e  c o r re c t  V^(k)
in s tan tan eo u sly  to  "fo rce" i to  be o f th e  re q u ired  fo rm .
2 .3 .5 . Model in  th e  R o ta tin g  d -q  F ram e
In som e c ircu m stan ces , a  model in a  fra m e  ro ta t in g  a t  th e  an g u la r speed w o f 
th e  supply  is p re fe ra b le . The tim e -v a ry in g  p a ra m e te rs  a re  e lim in a ted  and 
th e  v a ria b le s  and p a ra m e te rs  a r e  ex p ressed  in com ponents along  th e  
o rth o g o n al and m utually  decoupled d ire c t  (d) and q u a d ra tu re  (q) ax e s .
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W ith re fe re n c e  to  F ig .2 -3 , th e  v o ltages in th e  s ta t io n a ry  oc~^ f r a m e  a r e  
co n v e rted  to  th e  ro ta t in g  d -q  f ra m e  a s  fo llo w s:-
w h ere
V V r V  ^sAsd s a
T = T T Vdq/OCP d q / a f i  O^/ABC sB
V V „' sq ■'  ^ sp  > - VsC
r VsA
T , Vdq/ ABC sB
- VsC
cos© sin©
rd q /  OCp
-sin© COS©
(2 .27)
(2.28)
T = T  Tdq/ABC dq/<X|3 (X/3/ABC
COS©
-sin©
1 V  3— COS© +  sin©2 2
1 . ^  _— sin© +  COS©2 2
1 V 3  '— C O S © ----------sin©
1 . ^ / T "— S i n © ---------- cos©2 2
(2 .29)
T he o th e r  q u a n titie s , such a s  c u r re n ts  and te rm in a l v o ltag es , can  be 
tra n s fo rm e d  in a  s im ila r  m anner. From  th e  Eqns.(2.18), (2.19), th e
fo llovring equa tions a re  o b ta ined  by m eans o f th e  tra n s fo rm a tio n  (2 .2 9 ):-
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di
L  — = - R i  - V  + v  + 6>L is s  sd Rd sd s sqd t
d i sq
d t
= - R i  - V  + V -  wL is sq Rq sq s sd
( 2 , 3 0 )
dE dc
d t
= S i + S i -  id sd q sq ou t (2.31)
w h ere
V = S E and v = S ERd d d c  Rq q dc
S = S COS© + S,, sin© d a  ^
sin©
S = q S sin© + S^^cos© a  /3
- / ? (- I S , - S -2 B T - S c ) s in e  ( s ^ - s ^ ] c o s e
In th e  d -q  fram e , th e  sinuso idal v a r ia b le s  ap p e a r a s  dc q u a n tit ie s . The
v a r ia b le s  S and S , in troduced  to  s im p lify  th e  n o ta tio n , a r e  th ed q
p ro je c tio n s  o f th e  sw itch ing  fu n c tio n  v ec to r S to  th e  d -a x is  and  q -a x is ,
re sp ec tiv e ly . The coupling te rm s , wL i and wL i in E qn .(2 .3 0 ), r e s u l ts sd  s sq
f ro m  th e  ro ta t io n  o f th e  coo rd in a te  f ra m e .
2 .4  S u m m a ry
In th is  c h a p te r  a  la rg e  signal model d esc rib in g  th e  dynam ic b eh av io u r o f a 
th re e -p h a s e  re v e rs ib le  r e c t i f ie r  in r e a l  tim e  dom ain h as  been d eriv ed  in
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te rm s  o f sw itch ing  fu n c tio n s . I t  is a lso  helpfu l to  ex ten d  th e  concep t o f 
th e  space  v ec to r, in tro d u ced  o rig inally  in a .c . m achines, by d eriv in g  a  
sp ac e  v ec to r model w hich w ill be used in th e  d iscussion and a n a ly s is  o f  th e  
c o n tro l schem es in th e  fo llow ing  ch ap te rs . O ther fo rm s o f th e  m odel, such 
a s  th e  model in d -q  fram e , a re  found to  be convenient to  be used  in som e 
c ircu m stan ces . The d e ta ils  o f d eriv a tio n  have been given and  th e
tra n s fo rm a tio n s  betw een  th e se  m odels provided.
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CHAPTER 3. CURRENT-FORCED CONTROL SCHEMES 
—  D ir e c t  C o n t r o l  o f  A.C. C u r r e n t s
3.1 I n t r o d u c t i o n
In th is  c h a p te r , a  num ber o f s t ra te g ie s  fo r  th e  d ire c t  co n tro l o f  a .c . 
c u r re n t ,  w hich a re  g en e ra lly  te rm e d  c u r re n t- fo rc e d  schem es, w ill be 
in v es tig a ted .
T h ere  a re  tw o  a re a s  o f in te re s t  re le v a n t to  c u r re n t- fo rc e d  schem es. One is  
th e  g en e ra tio n  o f th e  re fe re n c e  c u r re n ts  w hich have sinuso idal w av efo rm s 
to g e th e r  w ith  th e  d es ire d  am plitude and th e  phase  w ith  re sp e c t to  th e  m ains. 
T he o th e r  is  th e  tra c k in g  techn iques w hich fo rc e  th e  ac tu a l c u r re n ts  to  
fo llo w  th e  re fe re n c e s .
V arious tra c k in g  techn iques f o r  th e  co n tro l o f in v e rte rs  have been 
sum m arized  by Brod [BROD 1985]. However, th e re  a re  some d if fe re n c e s  
be tw een  in v e r te rs  and  r e c t i f ie r s  in th e  q u a n titie s  to  be co n tro lled , w h ich  
re q u ir e  th a t  th e se  techn iques be in v estig a ted  fu r th e r  in  th e  p re s e n t w ork . 
G enerally , th e  tra c k in g  techn iques can  be divided in to  th re e  c a te g o r ie s , 
n am e ly :-  h y s te re s is  com parison , ram p  com parison  and  p red ic tiv e  c o n tro l. 
All o f th e  th e se  tech n iq u es w ill be s tu d ied  fu lly  and com pared  in  th is  
c h a p te r . The re s u lts  can be used f o r  se lec tin g  th e  m ost su ita b le
c u r re n t- f o rc e d  co n tro l system  in any sp ec if ic  app lica tion .
Section  3 .2  w ill d iscu ss  pow er flow  co n tro l and g en e ra tio n  o f th e  c u r re n t
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re fe re n c e . In sec tio n  3 .3 , 3 .4  and 3.5 , vario u s tra c k in g  tech n iq u es  w ill
be d esc rib ed , fo llow ed by com parison  o f  th ese  techn iques in sec tio n  3 .6 .
3 .2  P o w e r  F lo w  C o n tr o l  a n d  G e n e r a t io n  o f  t h e  R e f e r e n c e  C u r r e n t
In any c u r re n t- fo rc e d  schem e a  tem p la te  fo r  th e  input c u r re n t  h a s  to  be 
p roduced . T his re fe re n c e  c u r re n t should be o f ju s t  th e  r ig h t  v alue  f o r  th e  
p o w er d raw n  fro m  th e  m ains to  balance th e  pow er supplied by th e  m achine. 
The m ost re ad ily  av a ilab le  m easu re  o f th e  d eg ree  o f unbalance is  th e  r a te  o f  
change  o f th e  d .c. link vo ltage, bu t delay  a sso c ia ted  w ith  d .c . link  c o n tro l 
loop m ay d eg rad e  th e  p e rfo rm an ce , and so i t  is usefu l to  use  in fo rm a tio n  
d ire c t ly  fro m  th e  load, i f  th is  is  availab le .
A ty p ic a l co n tro l system  employing a  c u r r e n t - f  orced schem e is  show n in 
F ig .3 -1 . The am p litu d e  o f th e  re fe re n c e  c u r re n t ,  I , is th e  sum m ation  o fsm
s ig n a ls  from  tw o  co n tro l sou rces: one is  th e  pow er dem and o f  th e  m ach ine
(load  s ignal); in th e  o th e r , feedback  loop, a  PI co n tro l is used to  hold th e  
d .c . link  vo ltage c o n s ta n t in  sp ite  o f any re s id u a l unbalance in th e  
p o w e r-flo w s . Such a  system  may be n ecessa ry  because, on th e  one hand, i t  
w ould be d if f ic u l t  to  design  a  PI c o n tro lle r  w hich would be s ta b le  an d  
p o ssess  a  ra p id  re sp o n se  over th e  fu ll  ra n g e  o f loads, esp ec ia lly  w hen a  
sm all d .c . link ca p ac itan c e  and a  la rg e r  inpu t inductance a re  u sed , b u t, on 
th e  o th e r  hand, i t  is  n o t possib le to  e s tim a te  th e  pow er w ith  s u f f ic ie n t  
ac cu ra cy . M oreover, d i f fe re n t  sw itch ing  freq u en cy  betw een th e  r e c t i f i e r  
and th e  in v e rte r , th e  u ltim a te  load on th e  re c t i f ie r ,  m akes th e  load  
in je c tio n  a rran g e m e n t a lone unaccep tab le . The s ta b ility  and  t r a n s ie n t
re sp o n se  o f th e  d .c. link vo ltage co n tro l w ill be d iscussed  in  C h ap te r 5,
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Fig.3-1 C ontrol System  o f th e  C u rren t-F o rced  Scheme
and th e  e f fe c t  o f  in jec tio n  ab o u t th e  load w ill a lso  be show n.
T he shape o f th e  re fe re n c e  w aveform , w hich is  norm ally  s in u so id a l, is  
g e n e ra te d  sep a ra te ly , and  i t s  freq u en cy  is  phase-locked  to  th e  m ains. A 
sim ple analogue im plem entation  is  to  use a  tem p la te  derived  fro m  th e  m ains. 
Any p hase  sh if t ,  which can  a r is e  i f  a  f i l t e r  is  in co rp o ra ted  f o r  rem oving  
harm o n ics  from  th e  m ains, can be com pensated  in th e  c irc u it.  M oreover, to  
g e n e ra te  a  clean sinuso ida l w aveform , a  phase-locked  loop (PLL) can  be used  
in con junction  w ith  a  sinuso ida l VCO chip, such as th e  8038, 2206, e tc ..  I f  
d ig ita l im plem entation  is  chosen i t  is  even e a s ie r  to  g e n e ra te  a  p u re  
sin u so id a l w aveform : a s inuso ida l w aveform  can  be p re -c a lc u la te d  and s to re d  
in a  ROM; only a sim ple look-up ta b le  in s tru c tio n  is  needed a s  long a s  a  
phase  signal locked to  th e  m ains is ava ilab le .
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3 .3  H y s t e r e s i s  C o m p a r iso n  T e c h n iq u e s
Two h y s te re s is  com parison  techn iques a re  ava ilab le , one em ploying an
independen t co m p ara to r in each phase , and th e  o th e r based on sp ace  v ec to rs .
3.3 .1  Simple H y ste res is  Com parison
T he s im p le s t w ay to  fo rc e  th e  inpu t c u r re n ts  to  tra c k  th e  re fe re n c e s  is  to  
u se  a  h y s te re s is  c o m p ara to r in each  phase , a s  shown in F ig .3 -2 , w h e re  th e  
r e fe re n c e  is i^^ and  th e  ac tu a l c u r re n t is i^^ (j = a , b , o r c). T his
m ethod  h as  ex ce llen t dynam ic p erfo rm an ce  and can be re a lise d  a t  very  low
co st. I t  is th e re fo re  ca lled  a  sim ple h y s te re s is  com parison.
s
I s B
s^A IsB IsC
F ig .3 -2  Simple H y steresis  C o n tro lle r
The tech n iq u e  is  based  on d ire c t com parison o f c u rre n ts . As th e  c u r re n t  
e r r o r  exceeds a  p re sc rib ed  am ount, defined  by th e  h y s te re s is  band  Ai , th e  
o u tp u t o f  th e  co m p ara to r which is  th e  sw itch in g  fu n c tio n  S , ch an g es i ts  
s ta te .  Sw itching th en  tak es  p lace  in co rrespond ing  phase in an  a t te m p t  to  
r e s to r e  th e  ac tu a l c u r re n t  to  be th e  d esired  value.
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An exam ple o f  th is  tra c k in g  tech n iq u e  is shown in F ig .3 -3 . In F ig .3 -3 (a ), Î
th e  w avef orm  of th e  c u r re n t  in phase  A to g e th e r  w ith  i ts  r e f  e ren ce  and  I
Ih y s te re s is  w indow s is p lo tte d  fo r  one cycle o f the  supply. The to p  cu rv es 
in F ig .3 -3 (b ) show  th e se  w avefo rm s, to g e th e r  w ith  th e  sw itch in g  fu n c tio n  S 
a t  th e  expanded tim e  sca le  (3 .5m s ~ 4 .5m s). The sw itch in g  fu n c tio n s  
and  a re  shown in th e  m iddle and bo ttom  o f F ig .3 -3 (b ). I t  can  be
seen  fro m  F ig .3 -3 (b ) th a t  when th e  ac tu a l c u r re n t  i in phase  A re ach e s  i t s
S Â
u p p er boundary , +A i^/2 a t  t  = t^ , th e  co rrespond ing  sw itch in g  fu n c tio n
changes its  s ta te  fro m  O to  I and  th e  u p p er sw itch ing  d ev ice /d io d e  p a ir  in
th e  pole A is a c tiv a te d  "on". As a  re s u lt ,  th e  d e riv a tiv e  o f i w iths  A
re s p e c t  to  tim e becom es n eg a tiv e  and th e  c u r re n t  i is fo rced  to  d ec rea ses  A
sin ce  th e  te rm in a l v o ltage v^^, d e fin ed  by Eqn.(2.10), is such th a t  ( -v^^+
V ) is  alw ays < 0. sA
The e sse n tia l cond ition  f o r  su ccessfu l tra c k in g , a s  can  be seen, is  th a t  th e  
dc link  vo ltage  m ust be su ff ic ie n tly  h igh fo r  th e  c u r re n ts  to  be fo rc e d  in 
th e  d es ire d  d irec tio n  [OOI 1987, 1988, GREEN 1989]. The minimum d .c . link 
v o ltag e  fo r  h y s te re s is  com parison  tech n iq u e  is equal to  th e  am p litu d e  o f  th e  
l in e - to - l in e  vo ltage  o f th e  m ains.
In a  p a r tic u la r  s itu a tio n , w h ere  a ll th e  sw itch in g  fu n c tio n s  have th e  sam e 
value (zero  o r  one), th e  te rm in a l v o ltag es  v , v and  v becom e zero ;RA RB RC
som e in s tan tan eo u s  values o f th e  supply  v o ltag es  w hich then  d e te rm in e  th e  
change o f the  c u r re n ts  canno t fo rc e  th e  c u r re n ts  to  th e  d es ired  d irec tio n , 
so th e  e r r o r  can re ach  double th e  h y s te re s is  band [BROD 1985]. T his can  be
ex p la in ed  by co nsidering  th e  s im u la tio n  r e s u l ts  shown in F ig .3 -3 .
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F ig .3  3  R esu lts  o f th e  Simple H y s te re s is  
Com parison Technique:
(a) Line c u r re n t  and c u r re n t re fe re n c e
(b) W aveform s o f (a) and sw itch in g  
fu n c tio n s  a t  th e  expanded tim e  sc a le
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(d) Spectrum  o f th e  line c u r re n t
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I t  can  be seen  fro m  F ig .3 -3 (b ) th a t  b e fo re  tim e  t^ th e  sw itch in g  fu n c tio n
is  z e ro , fo rc in g  i to  in c re ase . As i re ach e s  th e  u p p er boundary  a t  sA sA
tim e  t^ sw itch ing  fu n c tio n  changes i ts  s ta te  fro m  0 to  1, so m aking 
c u r re n t  i d ec rea se . At tim e t  th e  c u r re n t i re ach e s  i ts  up p ersA 2 sC
boundary , and th e  sw itch in g  fu n c tio n  changes i ts  s ta te  to  1. The slope
o f  th e  c u r re n t  i^^ consequen tly  changes, due to  th e  coupling betw een  th e
ph ase s , though s t i l l  fo rc in g  i^^ down. At th e  tim e t^  when th e  c u r re n t
i^^ re ach e s  i ts  u p p er boundary , changes i ts  s ta te  to  1, re s u lt in g  in  th e
sw itch in g  fu n c tio n  s ta te s  S^, S^, a ll becom ing 1, 1, 1. As a  r e s u lt ,
th e  te rm in a l v o ltage v h as  a  z e ro  value and  hence th e  d e riv a tiv e  o f  iRA sA
depends only on th e  in s tan tan eo u s  value o f th e  supply vo ltage v At th is
m om ent th e  v is  p o sitiv e  so th e  c u r re n t  i s t a r t s  to  in c re a se , c o n tra rysA sA
to  w h a t is re q u ired . The sw itch in g  w ill no t tak e  p lace  a t  th e  tim e  t^
w hen i^^ re ach e s  i t s  up p er boundary  because th e  sw itch in g  s ta te  [ 1 1 1 ]
a lre a d y  e s tab lish ed  is  in e ffe c tiv e , and  so th e  c u r re n t  i w ill overshoo tsA
th e  h y s te re s is  band and con tinue to  in c re ase  u n til i and i re ach  th e irsB sC
own low er boundary  a t  t  . Then th e  c u r re n t  i s t a r t s  to  d e c rea se  b ecau se5 sA
V h as  a  n ega tive  value due to  th e  s ta te  1 S S S ] = 100.RA A B C
In sum m ary , th e  sim ple com parison  techn ique w ith  th re e  independent 
h y s te re s is  c o m p ara to rs  can  fo rc e  th e  ac tu a l c u r re n ts  to  tra c k  th e i r  
re fe re n c e  w aveform s, even w ith  very  sim ple c irc u its , bu t i t  h a s  th e  
d isad v an tag e  th a t  th e  c u r re n t  can overshoo t th e  h y s te re s is  band. T h is is 
t r u e  in th e  usual system  w h ere  th e re  is no connection betw een th e  n e u tra l  o f 
th e  supply and th e  d .c . link, and th u s  th e  change o f c u r re n t in one phase  is  
n o t only d e term in ed  by i t s  own sw itch in g  s ta te  b u t is a lso  in fluenced  by th e  
sw itch in g  s ta te  o f th e  o th e r  phases. B e tte r  p e r f  orm ance, a t  le a s t  a s  f  a r
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a s  th e  th e  q u a lity  o f  th e  inpu t c u r re n t  is concerned , can be o b ta in ed  by 
using  a space v e c to r-b a se d  h y s te re s is  com parison technique, in w hich th e  
sw itch in g  in one phase w ill ta k e  accoun t o f s ta te  o f th e  o th e rs , and hence 
th e  c u r re n t  e r r o r s  can a lw ays be lim ited  w ith in  th e  h y s te re s is  band.
3 .3 .2  Space V ecto r-B ased  H y ste res is  C om parison Techniques
The an a ly sis  above show ed th e  re a so n  f o r  overshoot of th e  h y s te re s is  band to  
be th e  in te ra c tio n  betw een  th e  th re e  phases. This in te ra c tio n  can  ea s ily  
be d iscussed  by m eans o f th e  sp ace  v ec to r model.
To sim p lify  m a t te r s  th e  re s is ta n c e  o f  th e  input im pedance is ignored , so th e  
sp ace  v ec to r m odel in Eqn. (2.26) becom es:-
d i
L — ^  + Y j k )  = V (3.1)
= d t
D efine a  c u r re n t  e r r o r  v ec to r Ai b y .-
^ -s  ~ -s  ” - s  (3.2)
w h ere  i^  is th e  c u r re n t re fe re n c e  v ec to r. S u b stitu tio n  o f (3 .2 ) in (3.1) 
y ie ld s :-
dAi
L  — + V (k) = E (3.3)
’  d t
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d i
w h e re  E = V -  L -“ R —s s d t
d( g V )
= V -  L ----------  (3 .4)
-*  :  d t
w hen i = g V (3.5)—s  m —s
If  g is a co n s tan t, E qn.(3 .4) becom es:-
d t
re p re s e n ts  th e  ideal te rm in a l v o ltag e  v ec to r w hich f  o rc e s  th e  a c tu a l
c u r re n t  i to  be th e  re fe re n c e  i w ith o u t any dev ia tion , an d  g  is  a- s  - s  m
v a r ia b le  conductance depending on th e  re g u la tio n  o f th e  d .c . v o ltag e . I t
shou ld  be no ted  th a t  g ^  can  be tr e a te d  as a  c o n s ta n t w ith in  th e  sw itch in g  
p e rio d  because g ^  v a rie s  ‘slow ly ' w ith  tim e  as  th e  consequence th a t  th e  a .c . 
c u r re n t  loop is much f a s te r  th a n  th e  d .c . link v o ltage co n tro l loop.
F o r th e  sim ple h y s te re s is  com parison  d iscussed  p rev iously , b e fo re  th e  
c u r re n t  v ec to r reach es o r  overshoo ts th e  h y s te re s is  band in p h ase  A, a t  
p o in t X in space p lane, a s  shown in F ig .3 -4 , th e  sw itch in g  fu n c tio n s  have 
re ach e d  th e  s ta te  [S^ S^]= [1 1 1], re su ltin g  in th e  ze ro  v e c to r  V^(7).
F rom  Eqn. (3 .3), dAi / d t  is then  de term ined  by E . Due to  th e  d ire c tio n  o fs —R
E^ head ing  r ig h t, the  locus of th e  c u r re n t  e r r o r  v ec to r Ai^  co n tin u es to  
move r ig h t  u n til i reach es i ts  up p er h y s te re s is  boundary  a t  th e  p o in t X.
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As a  re s u lt ,  sw itch in g  f  unction  keeps its  s ta te  1 in an  a t te m p t to
d e c re a se  phase c u r re n t  i o r  fo rc e  th e  Ai to  move le f t .  H ow ever, th es a  —s
z e ro  vo ltage v ec to r V^(7) has no e f fe c t  on changing th e  d irec tio n  o f Ai ;
th e  locus o f th e  c u r re n t  e r r o r  Ai w ill move along th e  d irec tio n  o f th e  E  ,- s  - R
fo rc in g  Ai to  move fu r th e r  r ig h t  u n til Ai reach es  th e  b o u n d arie s  o f  th e- s  - s
o th e r  tw o phases a t  po in t Y. The sw itch ing  fu n c tio n s  and th en
change th e ir  s t a te s  to  0 and th e  v ec to r V (4) fo rc e s  Ai to  move le f t- R  - s
becau se  th e  d e riv a tiv e  o f th e  c u r re n t  e r r o r  v ec to r, dAi / d t ,  is  now head ing  
le f t .  T h e re fo re , th e  e r r o r  f o r  th e  sim ple h y s te re s is  com parison  can  only 
be lim ited  inside th e  s ix -p o in t s t a r  (shaded a rea ) , as  shown in F ig .3 -4 .
d t
F ig .3 -4  C u rre n t E r r o r  Ai in  the Space P lane— S
The an a ly s is  above in d ica te s  th a t ,  a s  soon as  Ai reach es  th e  boundary  a t  
th e  p o in t X, i f  th e  v ec to r V (4) is se lec ted  in stead  o f V (7), th e  c u r re n t- R  - R
e r r o r  v ec to r can be kep t inside th e  hexagon.
4 8
YR(2)
- S
L o cu s of
(2) .
F ig .3 -5  R elevant V ecto rs E xp lain ing  th e  P rin c ip le  o f V ecto r-B ased
H y steresis  C om parison w ith  R apid R esponse
3 .3 .2 .1  a  schem e w ith  ra p id  re sp o n se
F o r convenience, th e  hexagon reg io n  f o r  th e  loca tion  o f th e  c u r re n t  e r r o r  
v e c to r  Ai^ is divided in to  s ix  sec tio n s , m arked  (1) ~ (6); w h e rea s  th e
re g io n  fo r  is  a lso  divided in to  s ix  sec tio n s, m arked  I ~ VI, a s  show n in 
th e  F ig .3 -5 . To reduce  th e  c u r re n t  e r r o r  | A i^ |, i t  is  n ec e ssa ry  to  choose 
a  p ro p e r V^(k) such th a t  th e  co rresp o n d in g  |d A i^ /d t | has a  com ponent in  th e  
o p p o site  d irec tio n  to  Ai^. In F ig .3 -5 , f o r  exam ple, i f  th e  c u r r e n t  Ai is 
lo ca ted  in s e c to r (6), V^(4) a lw ay s p rov ides th e  la rg e s t  com ponent a g a in s t  
Ai no m a tte r  w here  E is lo ca ted . W ith Ai being d e tec ted  in  s e c to r ( l) ,— s —R —s
th e  v ec to r should be V^(6). So, based  on th is  p rin c ip le  a ra p id  re sp o n se  
to  red u ce  th e  c u r re n t e r r o r  can be achieved by using  th e  sw itch in g  ta b le  
sum m arized  in Table 3.1.
The block d iag ram  o f th is  dependen t h y s te re s is  com parison  is  show n in 
F ig .3 -6 . With th e  c u r re n t e r r o r  in each  p hase  being m easu red , th e  p o sitio n
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o f i is known. As soon a s  re ach e s  th e  h y s te re s is  boundary ,
re p re se n te d  by a  hexagon in th e  space  p lane, a  p ro p e r te rm in a l v o ltag e  
v e c to r  w ill be chosen by th e  T ab le  3.1, to  fo rc e  th e  c u r re n t e r r o r  v e c to r  to  
be in side  th e  hexagon, and hence th e  c u r re n t  e r r o r  being lim ited  w ith in  th e  
h y s te re s is  band.
Î sA
1 sB
Fig. 3 -6  V ecto r-B ased  H y ste res is  C on tro lle r
F rom  th e  r e s u l ts  o f s im u la tio n , show n in F ig .3 -7 , i t  can  be seen  th a t  th e
in p u t c u r re n ts  a re  lim ited  w ith in  th e  h y s te re s is  band th ro u g h o u t a
fu n d am en ta l perio d  o f th e  m ains. C om parison o f th ese  re s u lts  w ith  th o se
show n in F ig .3 -3  fo r  sim ple schem e show s th a t  even when i does n o t re a c hs A
i t s  own h y s te re s is  boundary  th e  sw itch in g  fu n c tio n  can s t i l l  change i ts
s ta te  in resp o n se  sw itch in g  in  th e  o th e r  phases, w hereas in F ig .3 -3 , th e
sw itch in g  fu n c tio n  S only changes i ts  s t a t e  when i re ach es  i ts  boundary .A sA
T h e re fo re  th e  sw itch in g  freq u en cy  is  found  to  be h igher th an  in th e  s im p le r 
case . T his is one o f th e  d isad v an tag es o f th is  scheme.
Ai—S ( 1) ( 2 ) ( 3 ) (4 ) (5 ) (6 )
Y „(6) Y , ( 2 ) Y , ( 3 ) Y ,( 5 ) Y«<4)
T a b le  3 .1  S w i tc h in g  T a b le  f o r  R a p id  R esp o n se
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F ig .3 -7  R esu lts  o f th e  V ector-B ased  H y ste res is
C om parison Technique w ith  R apid R esponse:
Fr^ qocnej (H»>
(a) Line c u r re n t and c u r re n t  re fe re n c e
(b) W aveform s o f (a) and  sw itch in g  
fu n c tio n s  a t  th e  expanded tim e  sca le
(c) C u rren t e r r o r  in th e  sp ace  p lane
(d) Spectrum  o f th e  line c u r re n t
4 . 5 0
3.75 4.25
(d )
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3 .3 .2 .2  a schem e w ith  ze ro  v ec to r in co rp o ra tio n  [KAZMIERKOWSKÏ 1989, 1991]
An im proved schem e uses tw o  th re e - le v e l h y s te re s is  c o m p ara to rs , y ie ld ing
th e  values -1, 0  and 1, in th e  s ta tio n a ry  fram e , to  in c o rp o ra te  a  z e ro
v e c to r  a t  a p p ro p ria te  tim es in o rd e r  to  reduce th e  sw itch in g  freq u en cy .
I ts  block d iag ram  is shown in F ig .3 -8 (a ). The c u r re n ts  i , i and isA sB sC
a re  f i r s t  converted  in to  i and i „ com ponents, th e  a .c . c u r re n ts  insa sp
fra m e . Then they  a re  com pared  w ith  th e ir  re fe re n c e s , i and i _. Thes a  s p
d ig i ta l  o u tp u t s ig n als  d ^  and d^  o f tw o  th re e - le v e l co m p ara to rs  se le c t th e
T brce—level h y s te re sis  c o m p a ra to r
I J
A B C /d f i
A B C / d p
I I
Sa
Sb
Sc
\  1= 1
y«(5)
(b)
F ig .3 -8  V ecto r-B ased  H y steresis  C om parison 
w ith  Z ero  V ecto rs In co rp o ra tio n
(a) T hree-L evel H y ste resis  C om parato r
(b) C u rre n t E r ro r  in Space P lane
th e  o u tp u t vo ltage V^(k)
s t a t e  o f  sw itch in g  by looking up a  sw itch ing  ta b le . T able 3 .2 , w hich d efin e s
As i l lu s tra te d  in F ig .3 -8 (b ), i f  th e  o u tp u ts  o f 
th e  b o th  c o m p a ra to rs  a re  in th e  ac tiv e  s ta te ,  -1 o r 1, th en  the- o u tp u t 
v o ltag e  v ec to r is  ex ac tly  defined; if  one o f co m p ara to r o u tp u ts  ta k e s
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no n ac tiv e  s ta te ,  0, th e  o u tp u t v o ltag e  v ec to r is se lec ted  by th e  second 
c o m p a ra to r w hich h as  a  ac tiv e  s ta te ;  i f  bo th  co m p ara to rs  have th e  z e ro  s t a te  
o u tp u t then  th e  ze ro  v ec to r is  app lied . The re s u lts  o f s im u la tio n  show n in 
F ig .3 -9  d em o n stra te  th a t  th e  c u r re n t  e r r o r  is lim ited  inside a  s q u a re  and 
th e  sw itch ing  frequency  is  reduced  in com parison  w ith  th e  ra p id  schem e.
d a -1 — 1 -1 0 0 0 1 1 1
-1 0 1 - 1 0 1 -1 0 I
V ^ ( k ) V (1) V o  O ) V^{2) V ^ ( 5 ) V ( 0 ) V ( 2 ) V (5) V ( 4 ) V (6)-  R ~R — R - R - R - R - R - R - R - R
T a b le  3 .2  S w i t c h i n g  T a b l e  f o r  a  T h r e e - L e v e l  H y s t e r e s i s  
C o m p a r a t o r  t o  R e d u c e  t h e  S w i t c h i n g  F r e q u e n c y
T his schem e, how ever, has a  la rg e r  am p litu d e  o f c u r re n t  r ip p le  in p h ase  B 
and C th an  th a t  in phase A since  th e  c u r re n t  e r r o r s  a re  lim ited  w ith in  a  
sq u a re  in th e  space plane.
3 .3 .2 .3  a  schem e w ith  red u ctio n  o f sw itch in g  freq u en cy  [NABAE 1986]
A m ore so p h is tic a ted  space v e c to r-b a se d  h y s te re s is  techn ique can  be u sed  to
red u ce  th e  sw itch ing  frequency  and sim u ltan eo u sly  keep th e  c u r re n t  e r r o r
v ec to r to  be w ith in  th e  hexagon. To achieve th is , i t  is n e c e ssa ry  to
co n sid er E since th e  d eriv a tiv e  o f th e  c u r re n t  e r ro r ,  dAi / d t ,  is-R  “ S
d ete rm in ed  not only by V^(k) b u t a lso  by E^, acco rd ing  to  E qn .(3 .3 ). In 
g en e ra l, m ore th an  one vo ltage v ec to rs  V^(k) can be chosen. T he one
se lec ted  would be th a t  w hich m akes dAi / d t  bo th  opposite  Ai and  have a
— s  — s
lo w est am plitude during  th e  sw itch in g  period . T h e re fo re  jA i [ w ill be 
reduced , bu t no t a s  quickly a s  th a t  in th e  ra p id  re sp o n se  schem es.
5 3
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F ig .3 -9  R esu lts  o f V ecto r-B ased  H y steresis  C om parison 
w ith  Z ero  V ecto rs Incorporation :
F rtq u tn c y  (H i)
(a) Line c u r re n t  and c u r re n t re fe re n c e
(b) W aveform s o f (a) and  sw itch in g  
fu n c tio n s  a t  th e  expanded tim e  sca le
(c) C u rre n t e r r o r  in th e  space  p lane
(d) Spectrum  o f th e  line c u r re n t
4 . 5 0
4.50
(d)
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C onsequently , th e  slope o f th e  c u r re n ts  is  d ec reased  and th e  sw itch in g  
freq u en cy  is then  reduced .
c/Ai
L ocu s o f E
As
Fig .3-10  R elevant V ectors f o r  E xp la in ing  th e  P rin c ip le  o f  th e  
V ecto r-B ased  H y ste res is  C om parison w ith  R eduction  o f 
Sw itching F requency
T his techn ique is  exp la ined  by co n sid erin g  an  exam ple show n in  F ig .3 -1 0 .
If  th e  c u r re n t  e r r o r  Ai^ is  d e tec ted  in reg io n  (6), th re e  a c tiv e  v e c to rs ,
V (4), V (6), and V (5), and tw o  z e ro  v ec to rs , V (0) and V (7), a r eK “”K “"R
av a ilab le  to  fo rc e  Ai to  reduce. V (4) is th e  only choice w hen E is~ s  - R  •' - R
d e te c te d  in reg ion  I (o r VI). I f  is  d e tec ted  in reg ion  III (o r IV) a
ze ro  v ec to r, V^(0) o r V^(7), is  chosen to  provide th e  sm a lle s t com ponent
o p p o site  to  Ai , since dAi / d t  is equal to  E in th is  s itu a tio n . When E
—  S  - S  — R  — R
is  d e tec ted  in reg ion  II (o r V), th e  v ec to r V (6) (o r V (5)) is  chosen .- R  - R
Im plem entation  o f th is  schem e is to  re p la c e  th e  sw itch ing  ta b le , Table3.1 ,
in F ig .3 -6  by a  new sw itch ing  tab le , T ab le3 .3 .
C om parison o f th e  re s u lts  o f sim u la tion  in Fig.3-11 and those  o f th e  ra p id
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c o n tro l in F ig .3 -7  show s th a t  th e  sw itch ing  freq u en cy  is  red u ced  w ith  th is  
tech n iq u e  and th e  c u r re n t e r r o r  v ec to r is s t i l l  kep t inside th e  hexagon.
AI
( 1 ) 12) ( 3 ) (4 ) ( 5 ) (6 )
I Y , ( 6 ) Y / 0 ) Y , ( 0 ) Y / ^ > Y / 4 )
I I Y c ' c ) Yr ' 2 ) Y« ( 2 ) Y ,(7 ) Y / 7 ) Y , ( 6 )
I I I Y , ( 2 ) Yr ' 2 ) Y / 2 ) Y ,(3 ) Y / o ) Y , ( o )
IV Y , ( 7 ) Y , ( 2 ) Y , ( 2 ) Y , n ) Y / Î ) Y / 7 )
V Y* ( o ) Y c ' c ) Yr < " Y « « ) Y / 5 ) Y / 5 )
VI Y , ( ^ ) Y , ( 7 ) Y , ( 7 ) Y ,<5) Y / 5 ) Y * ( 4 )
T a b le  3 . 3  S w i t c h i n g  T a b l e  f o r  R e d u c t i o n  o f  S w i t c h i n g  F re q u e n c y
H ow ever, im plem entation  o f th is  schem e needs to  d e te c t  th e  lo ca tio n  o f E ,—R
in ad d itio n  to  m easu ring  c u r re n t  e r ro rs .  D iff ic u lty  in  d e te c tin g  E in- R
p ra c t ic e , especially  un d er t r a n s ie n t  cond itions, can  be seen  fro m  E q n .(3 .4), 
w h e re  g ^  is a  v a riab le  dependen t on th e  re g u la tio n  o f th e  d .c . link  vo ltage . 
One m ethod f o r  d e tec tin g  E^ w as su g g ested  by A. N abae [NABAE 1986), w here  
th e  loca tion  o f E^ is  d e term in ed  by looking up a  ta b le  w ith  th e  e n tr ie s  o f 
th e  sig n  o f dAi / d t  and th e  s t a te  o f  th e  sw itch in g  fu n c tio n s . H ow ever, i f  
g ^  is  t r e a te d  as  a  c o n s ta n t d u rin g  th e  sw itch in g  period , a s  d e fin ed  by 
E q n .(3 .6 ), d e tec tin g  E^ becom es much e a s ie r . In fa c t ,  an  ad ap tiv e
s tr a te g y ,  in w hich th is  schem e is com bined w ith  th e  f a s t  re sp o n se  schem e, 
seem s to  o f fe r  a  b e t te r  so lu tion . D uring a  t r a n s ie n t  s ta te  o f th e  d .c . 
l ink re g u la tio n  o r, th e  s i tu a tio n  w h ere  th e  c u r re n t  e r r o r s  is be v ery  la rg e , 
a  f  a s t  response schem e can  be se lec ted  to  red u ce  th e  e r r o r s  rap id ly .
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Fig.3-11 R esu lts  o f V ecto r-B ased  H y ste re s is  C om parison  
T echnique w ith  R eduction o f Sw itch ing  Frequency:
I
F req u en c/ (H»)
(d)
(a) Line c u r re n t  and c u r re n t  r e fe re n c e
(b) W aveform s o f (a) and  sw itch in g  
fu n c tio n s  a t  th e  expanded tim e  sca le
(c) C u rre n t e r r o r  in th e  sp ace  p lan e
(d) S pectrum  o f th e  line c u r re n t
4.50
4.50
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D uring  the  s tead y  s ta te  o f  th e  d .c. link reg u la tio n , o r  when th e  c u r re n t  
e r r o r s  a re  sm all, th is  schem e may be employed.
3 .3 .3  The Common Problem  o f H y ste re s is  C om parison T echniques
F or h y s te re s is  com parison  tech n iq u es, sw itch ing  o f th e  pow er devices is  
governed  by th e  in s ta n ts  when in s tan tan eo u s  c u r re n ts  re ach  th e i r  h y s te re s is  
boundaries. I t  is obvious th a t  th e  sw itch ing  freq u en cy  v a rie s  th ro u g h o u t
a  fu n d am en ta l period  o f th e  supply  since th e  c u r re n t rip p le  is sp ec if ied  by 
th e  h y s te re s is  band. The d if f ic u lty  o f m aking a  com parison  o f th e
h y s te re s is  techn iques is  to  d efin e  som e common bases, a lthough  th e  c u r re n t  
e r r o r  in th e  space p lane, a s  show n fro m  th e ir  r e s u lts  o f s im u la tio n , can  be 
used  to  judge th e  q u a lity  o f tra c k in g  techniques. A nother f a c to r ,  w hich 
h a s  been found very e f fe c tiv e  to  be used  a s  a  common b as is , is  so -c a lle d  
a v e ra g e  s w itc h in g  fr e q u e n c y .  The av erag e  sw itch ing  freq u en cy  is o b ta in ed  
by coun ting  th e  sw itch in g  pu lses p e r cycle o f th e  m ains, d iv ided by th e  
cycle  period  o f th e  m ains. C om parison o f th e  h y s te re s is  schem es and o th e r  
f ix e d  sw itch ing  frequency  schem es d iscussed  la te r  . is m ade possib le . 
Fig. 3-12 com pares h y s te re s is  com parison  techniques, show ing th e  av e rag e  
sw itch in g  frequency  w hich depends on Ai^L^. It can  be seen  th a t  sp ace  
v e c to r  h y s te re s is  techn iques have th e  h igher sw itch ing  freq u en cy  th a n  th e  
sim ple schem e a t  th e  sp ec if ic  h y s te re s is  band. By em ploying th e  sw itch in g  
freq u en cy  red u ctio n  techn ique [see 3.3.2 .31, th e  average  sw itch in g  freq u en cy  
can be s ig n ific an tly  reduced  in com parison  w ith  th e  ra p id  re sp o n se  schem e 
[see 3.3.2.1]. I t  should be em phasized  th a t  th e  c irc u it  p a ra m e te rs , such 
a s  th e  input inductance L and th e  d .c  link voltage E , a lso  in flu en ce  th es dc
av e rag e  sw itch ing  freq u en cy  a lthough  they  a re  usually  chosen
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Fig. 3-12 A verage Sw itch ing  F requency  o f V arious H y steresis  C om parisons 
( V = 339.4V, E = 710V, I = 20A )sm dc sm
by co nsidering  o th e r  f a c to r s  {see 7 .2 .2 ].
T he in s tan tan eo u s  sw itch in g  freq u en c y  is  a c tu a lly  la rg e r  th a n  th e  av e rag e  
sw itch in g  and is  very  d if f ic u l t  to  d e te rm in e  in th e  th re e -p h a se  case . I t  
is  observed  th a t  s im ila r  to  th a t  in a  sing le phase r e c t i f ie r ,  th e  h ig h es t 
sw itch in g  occu rs a round  th e  c ro sso v e r o f th e  m ains voltage {Appendix H, 
w hich  is tw o o r  th re e  tim es h ig h e r th a n  th e  average sw itch ing  freq u en cy . 
I t  is  believed th a t  v a ria b le  sw itch in g  m ay a f fe c t  th e  p ow er sw itch es  
ad v e rse ly , and m ake e lec tro m ag n e tic  in te rfe re n c e  m ore d if f ic u lt  to  co n tro l.
T h ere  a re , o f co u rse , sev e ra l po ssib le  w ay o f im plem enting a  f ix e d  sw itch in g  
f  requency . An obvious so lu tio n  to  th e  problem  is to  re g u la te  th e
h y s te re s is  boundary, a s  proposed  by A. N abae. This can be done w ith  a 
v a r ia b le  h y s te re s is  boundary co m p a ra to r  and a  sw itch ing  freq u en cy  feedback  
loop, b u t th e  w hole co n tro l sy stem  becom es m ore com plicated.
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3 .4  R a m p  C o m p a r is o n  T e c h n i q u e
A s ta n d a rd  b u t e leg an t and sim ple ap p ro ach  to  ob ta in ing  a  f ix e d  sw itch in g  
freq u en c y  is to  use a so -ca lled  ram p  com parison, o r  c a r r i e r  com parison  
tech n iq u e . The d iag ram  o f th e  ram p com parison techn ique in one ph ase  is 
show n in F ig .3-13(a). A ram p  co m p ara to r can  be considered  a s  p roducing  
asy nchronous s in e - tr ia n g le  PWM w ith  th e  c u r re n t e r ro r  a s  th e  m od u la tin g  
fu n c tio n . The c u r re n t  e r ro r  is am plified , by an am p lifie r w ith  a  g a in  K^.
The o u tp u t K^(i^^- i^^) of th e  am p lif ie r  is  com pared w ith  a  f ix e d - fre q u e n c y  
tr ia n g le  w aveform  w ith  an am plitude A^. The r e s u lta n t  e r r o r  s ig n al
g e n e ra te s  th e  sw itch in g  signal (sw itch ing  func tion ) a c tiv a tin g  th e  p ow er 
dev ices in th e  co rrespond ing  r e c t i f ie r  limb, 
and , hence, a  positive  K^(i^^- i^^) re s u lts  in a  la rg e r  te rm in a l v o ltag e ,
th u s  d ec rea s in g  i ^ t o  i ts  re fe re n c e  value.
A positive  e r r o r  (i -  i )s J  sJ
Is J
T riangular Carrier
Amplifer
K[
H ysteres is
(a) (b)
F ig .3-13 Ramp C om parison Technique
(a) A Ramp C om para to r (b) P h aser D iagram
To e n su re  in te rse c tio n s  betw een  th e  c u r re n t  e r r o r  signal and th e  t r ia n g u la r  
c a r r i e r ,  a  slope condition  m ust s a t i s f y : -
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slope o f K ( i -  i ) < slope o f tr ia n g u la r  c a r r ie r
o r.
slope o f K ( i -  i ) < 4 A f  (3 .7)I s  J s J t  s
w h ere  f  is freq u en cy  o f th e  t r ia n g u la r  c a r r ie r .
In essence, th e  a m p lif ie r  fu n c tio n s  a s  a  p ro p o rtio n a l c o n tro lle r  and  hence 
th e r e  is a  tra c k in g  e r r o r  betw een  th e  ac tu a l c u r re n t and  th e  c u r re n t  
re fe re n c e  in s tead y  s ta te .  W ith th e  la rg e r  gain  th e  e r r o r  w ill be 
red u ced  b u t th e  cond ition  (3.7) m ay be breached .
is  a design p a ra m e te r  f o r  th e  ram p  com parison schem e. C onsider th e  
s te a d y  s ta te  w h ere  th e  v a r ia b le s  o f in te re s t  a re  re p re se n te d  by th e i r  
p h a so rs , as  shown in F ig .3-13(b). The r e c t i f ie r  p roduces a  fu n d a m e n ta l 
te rm in a l vo ltage re su ltin g  in a  fundam en ta l c u r re n t i  ^ in p h ase  j ,
w hich  s a t is fy  th e  fo llow ing  eq u a tio n :-
w h ere
L et
= ' . A  + « .8 )
Z = jwL
E
K = — —  K (3.9)
'  2  A 't
By re fe re n c e  to  th e  p h aso r d iag ram  in Fig.3-13(b), th e  te rm in a l v o ltag e  
p h a so r  is given by [BROD 1985, MOHAN 1988]:-
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V = K (I -  I ) (3.10)RJ s sJ sJ
w h ere  I  ^ is th e  fu n d am en ta l com ponent of th e  c u r re n t  re fe re n c e . Suppose 
th e  c u r re n t  re fe re n c e  to  be locked to  th e  supply vo ltage, th a t  i s : -
T he fo llow ing  equa tion  can  be derived  from  E qns.(3 .8) to  (3,11):-
1 + K g
---------- !----- —  V , (3.12)
K + jwL
The c u r re n t  e r r o r  equa tion  is  given b y :-
AI = I -  IsJ sJ sJ
1 V
Z + K
1 -  jwL g
V (3.13)
K + jwL
From  (3.13) and (3.12), th e  am plitude o f th e  c u r re n t  e r ro r  and th e  c u r re n t  
ph ase  s h if t  from  th e  re fe re n c e  a re  ob tained: -
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1 + (wL g )
AI I = I T ï '  I = /   ^ ------  Vsjl I sJ SJ I /  K ^ + (wL f
Vsm (3.14)
K
£
and,
_ wL
Ç = /  V -  / I  = A rctg  ----------   (3.15)—^  s i  '—  sJ K s
w h ere  V is th e  am plitude o f th e  p h a se -n eu tra l vo ltage o f th e  m ains.sm
I t  can  be seen from  Eqns.(3.14) and (3.15) th a t  as  K d ec rea ses  ( e i th e r  K 
d e c re a se s  o r A  ^ in c re ases  ) th e  c u r re n t e r r o r  and c u r re n t p h ase  s h i f t  w ill
in c re a se ; th is  c o n tra d ic ts  th e  condition (3.7) w here  a sm all K is  re q u ire d .
In th e  norm al s itu a tio n , when is  chosen to  s a t is fy  cond ition  (3 .7), th e  
p h ase  s h if t  is  neg lig ib le , ty p ica lly  several deg rees , b u t th e  am p litu d e
e r r o r  can be s ig n ific an t. F o r exam ple, fo r  a  415V (r .m .s .)  supp ly  and  a
r e c t i f i e r  d raw ing  35A (r .m .s .)  fro m  th e  m ains, and w ith  o th e r  p a ra m e te rs  
Ed^=710V, = 0 .2 , A  ^ = 1, th e  e r r o r  in am plitude, acco rd ing  to  E qn.(3.14),
is 4.8A, abou t 10% o f th e  ra te d  c u r re n t, w h ereas  th e  e r ro r  in p h ase  is  1°, 
w hich is q u ite  neglig ible . However, th e  am plitude e r r o r  is  a c tu a lly
com pensa ted  by a lte r in g  th e  am plitude o f th e  c u r re n t  re fe re n c e  th ro u g h  th e  
re g u la tio n  o f th e  d .c. link vo ltage. To com pare w ith  th e  o th e r  schem es
d iscu ssed  b efo re , th e  re s u lts  o f  sim ula tion  a re  shown in F ig .3-14, w h ere  th e  
sw itch in g  frequency  is 3.3KHz, w hich is  equivalen t to  th e  av e rag e  freq u en c y  
o f th e  sim ple h y s te re s is  com parison  schem e, as  shown in F ig .3 -3 .
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F ig .3-14 R esu lts o f th e  Ramp C om parison  
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In abnorm al condition , m ultip le  c ro ssin g s of the  ram p  by th e  c u r re n t  e r r o r  
m ay o ccu r when th e  tim e  r a te  o f change o f the c u r re n t  e r r o r  (m u ltip lied  by a  
c o n s ta n t K^) becom es g r e a te r  th an  th a t  o f the  ram p, i.e . th e  con d itio n  (3 .7) 
being  breached . The co n tro lle r  is then  fu n c tio n in g  like a  no rm al
h y s te re s is  co m p a ra to r and th e  sw itch ing  is then  governed by th e  h y s te re s is
band. It is a lso  possib le  to  in co rp o ra te  a  lo w -p ass  f i l t e r  a f t e r  th e
a m p lif ie r , to  rem ove th e  sw itch ing  rip p le , b e fo re  th e  e r r o r  s ig n a l being
com pared  w ith  th e  tr ia n g u la r  c a r r ie r .  This w ill help th e  in te rs e c tio n s  
be tw een  th e  tw o  signals .
I t  should  be no ted  th a t  th e  ram p  com parison re q u ire s  a  h ig h e r d .c . link 
v o ltag e  th an  sim ple h y s te re s is  com parison  to  en su re  th e  r e c t i f i e r  n o t to  be 
over m odulated . The m odulation  index is found f ro m :-
S u b s titu tin g  Eqn.(3.14) in  Eqn.(3.16) y ie ld s:-
2  V
m « ------—  (3.17)
Ed c
w hich  im plies th a t  E h as  to  be h igher th an  2  V to  s a t is fy  m < 1, th a tdc sm
is, th e  minimum d .c . link vo ltage fo r  th e  ram p com parison  is  15.5% h ig h e r 
th a n  th a t  w ith  th e  sim ple re c t i f ie r .  I t  will  be shown in th e  n e x t c h a p te r  
th is  re q u irem en t of th e  d.c. link vo ltage is th e  sam e as  th a t  f o r  th e  
v o lta g e - fo rc e d  schem es if  th e  sinuso idal PWM is employed.
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3.5  P r e d i c t i v e  C o n tro l  T e c h n iq u e
A lthough th e  ram p  com parison  provides advan tages o f  a  c o n s ta n t sw itch in g  
freq u en cy  and sim ple im plem entation , i t  has th e  problem  o f th e  in h e re n t 
e r r o r  in am plitude and phase . A p red ic tiv e  c u r re n t  co n tro l schem e can  
overcom e th ese  d iff ic u ltie s .
I  R(n)
- s ( n + l )  -  i  s (n )
-s(a)
F ig .3 -15  Space V ecto rs E xplain ing  th e  P rin c ip le  o f P red ic tiv e  T echnique
The p rin c ip le  o f th e  p red ic tiv e  techn ique is i l lu s tra te d  in  F ig .3-15. The
a c tu a l c u r re n ts  a re  sam pled a t  a  co n s ta n t ra te .  A su ita b le  v o ltag e
v ec to r , V^(n), is  then  ca lcu la ted , such th a t  i t  w ill fo rc e  th e  c u r re n ts  to
t r a c k  th e  re fe re n c e s  a t  th e  n ex t sam pling in s tan t. The re q u ire d  v o ltag e
v e c to r  V^(n) a t  th e  n - th  sam pling in s ta n t is ob tained  by using  a  d is c re te  
fo rm  o f Eqn.(3.1) and s e tt in g  th e  c u r re n t v ec to r i  (n+2) in th e  (n+2)-th  
sam pling  in s ta n t to  be equal to  th e  c u r re n t  re fe re n c e  v ec to r i*(n+2), th a t  
i s : -
V (n) = V (n) -  L
—  R  — S  £
d i
“ S
d t   ^t= n
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i (n+2) -  i (n) 
V (n) -  L — ---------------- !-----— s s y
= V Jn ) -  — ^  i^(n+2) + — — i^(n) (3.18)
w h ere  T  is sam pling period , u sually  equal to  th e  sw itch in g  period .
Since th e  V^(k) can  tak e  only one o f the  e ig h t s ta te s ,  pu lse  w id th  
m odulation  has to  be used to  re a lis e  v ec to r V^(n) a s  a  com bination  (w eigh ted  
in  tim e) o f th e  tw o m ost a p p ro p r ia te  v ec to rs . The d e ta il  o f  th e
sp a c e -v e c to r  m odulation techn ique w ill be d iscussed  in sec tio n  4 .4 .2
Im plem en tation  o f th e  p red ic tiv e  co n tro l needs a  ca lc u la tio n  b ased  on 
Eqn. (3.18) to g e th e r  w ith  th e  a p p ro p r ia te  m odulation . U sually , a
m ic ro p ro cesso r based  system  is  used . I t  is  obvious th a t  th e  a c tu a l
c u r re n ts  lag  th e  c u r re n t re fe re n c e s  by a t  le a s t  one sam ple p e rio d  and  
p ro b ab ly  even longer, due to  ca lc u la tio n  delay. The re sp o n se  is  th u s  
likely  to  be slow er th an  in any o f th e  h y s te re s is  schem es. In ad d itio n , 
th e  c u r re n t  rip p le  canno t be ex p lic itly  sp ec ified  a s  w ith  h y s te re s is  
schem es. However, because th e  r e c t i f ie r  is sw itched  a t  a  f ix e d  freq u en cy  
th e  p red ic tiv e  co n tro l provides w e ll-d e fin e  sw itch ing  harm onics w hich should  
be easy  to  rem ove, and th e re  is no in h e re n t e r ro r  in am plitude o r  phase .
Fig. 3-16 show s th e  re s u lts  o f  sim u la tio n  using s ta n d a rd  sp ace  v ec to r 
m odulation  techn iques [DEPENBROCK 1987, HOLTZ 1983, TOROK 1983]. I t  can  be 
seen  th a t  the  am plitude o f th e  c u r re n t  r ip p le  is no t only n o t lim ited , b u t 
i t  is com paratively  la rg e r  th an  th a t  o f th e  h y s te re s is  c o n tro l le r  being
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sw itch ed  a t  such a  low frequency  (here  th e  sam p lin g /sw itch in g  freq u en c y  is  
chosen  to  be equal to  3 .3  KHz in com parison w ith  th e  p rev ious schem es). A 
im proved m odulation technique (BROECK 1988] can reduce  th e  am p litu d e  o f  th e  
c u r re n t  rip p le  a t  th e  sam e sw itch ing  freq u en cy  a s  shown in F ig .3-17 . 
How ever, th e  am plitude o f th e  c u r re n t  rip p le , a s  w ell a s  th e  to ta l  h arm o n ic  
in th e  a .c . c u r re n t, w ill be g re a tly  reduced  a s  th e  sam pling  fre q u en c y  is  
in c reased . F ig.3-18 show s th e  red u ctio n  o f th e  to ta l  harm on ic  d is to r t io n  
in th e  a .c . c u r re n t  a s  th e  sam p lin g /sw itch in g  freq u en cy  is  in c re ased . 
T h e re fo re , a  re la tiv e ly  high sw itch ing  freq u en cy  is d es irab le , th e  a c tu a l  
value  being d ic ta te d  by co n sid era tio n s  o f sw itch ing  loss and speed  o f  a  
d ig ita l co n tro lle r .
THD (%)14
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—^  Standard Modulation —^  Improved Modulation
Fig.3-18 T o ta l H arm onic D isto rtio n  in th e  A.C. C u rren t 
Using th e  P red ic tiv e  Technique 
(V = 339.4 , E = 650, L = 4mH, I = 20A)sm  dc m sm
3 .6  C o m m e n ts  a b o u t  t h e  T r a c k in g  T e c h n iq u e s
T rack in g  techn iques can be e ssen tia lly  divided in to  th re e  c a te g o rie s :
h y s te re s is  com parison, ram p com parison  and p red ic tiv e  co n tro l. S election
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o f  th e  c u r re n t co n tro l schem e depends on th e  sp ec if ic  ap p lica tio n s .
A sim ple h y s te re s is  com parison  techn ique is a  e a s ie s t  to  im plem ent. I ts  
t ra c k in g  perfo rm an ce  is independent o f th e  d .c . link vo ltage , p rov id ing  a  
good p erfo rm an ce  both  in s te ad y  s t a t e  and in t r a n s ie n t  s t a t e  o f th e  d .c .lin k  
re g u la tio n . I ts  d raw back , th e  v a r iab le  sw itch in g  freq u en cy , can  be
overcom e by adding a  c a r r ie r  s igna l w ith  a  f ix e d  freq u en cy  b e fo re  th e  
h y s te re s is  co m p ara to rs , in o rd e r  to  fo rm  th e  ram p  com parison  schem e. By 
p ro p e rly  se lec tin g  th e  ga in  o f th e  am p lif ie r  th e  p h ase  e r r o r  can  be 
neg lig ib le . The am plitude e r r o r  can  be com pensa ted  by a l te r in g  th e
am p litu d e  of c u r re n t  re fe re n c e  th ro u g h  th e  feedback  re g u la tio n  o f  d .c . link 
vo ltage .
Space v ec to r based h y s te re s is  c o n tro lle r  a llow s m ore  a c c u ra te  co n tro l in th e  
c u r re n t  ripp le. However, th e  c u r re n t  r ip p le  is  e s se n tia lly  n o t s ig n if ic a n t 
even using th e  sim ple h y s te re s is  com parison  techn ique , so th e  m ore  re f in e d  
schem es a re  ra re ly  used since th ey  re q u ire  m ore com plex c irc u its  and have 
th e  h ig h er average  sw itch ing  freq u en cy  th a n  th a t  w ith  th e  sim ple case .
In ap p lica tio n s  w here a  fix ed  sw itch in g  freq u en cy  is  needed, th e  p re d ic tiv e  
co n tro l schem e w ill be th e  b e s t choice. The im p lem en tation  by m eans o f a  
m ic ro p ro cesso r system  is n ecessa ry  because o f th e  ca lc u la tio n s  and  space  
v e c to r  m odulation req u ired . T h is should no t be seen  a s  a  d isad v an tag e , 
c e r ta in ly  not in th e  case  o f high p e rfo rm an ce  a .c . d rive  sy s tem  w h ere  a  
so p h is tic a ted  com puter system  is  u su a lly  used. Then, and, e sp ec ia lly  w h ere  
tra n s p u te r s  a re  used, th e  com m unication betw een  th e  f ro n t-e n d  r e c t i f i e r  and 
th e  in v e r te r  is fa c i l ita te d , in  ad d itio n  to  any o th e r  ad v an tag es  o f th e
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co m p u te r system s [BOSE 1987]. To red u ce  th e  c u r re n t  rip p le , i t  is  b e t te r  to  
em ploy a  high sam p lin g /sw itch in g  frequency .
I t  should  be em phasized th a t  th e  value o f th e  input inductance L is  very  
im p o rta n t in co n tro l o f re v e rs ib le  r e c t i f ie r s .  To be ab le to  o p e ra te  th e  
re v e rs ib le  r e c t i f ie r  p ro p e rly , i t  is  d es ira b le  to  choose a  su ita b le  value o f 
in d u c tan ce  [see sec tio n  7.2.2.21. G enerally , th e  input in d u c to rs  a r e  used 
to  b u f fe r  th e  m ains and th e  sw itch in g  pow er c irc u it and th e ir  value should  
be d e term in ed  by considering  th e  q u a lity  o f th e  a .c . c u r re n t, a lth o u g h  i t  
w ill be seen in C h ap te r 5 th a t  th e  inductance also  in fluence th e  s ta b il i ty  
o f th e  d.c. link v o ltage co n tro l. In o rd e r to  provide th e  ra n g e  o f
s u ita b le  inductances, a  ty p ica l exam ple is  given in Fig. 3-19, w h ere  th e  
common basis  to  q u an tify  th e  q u a n tity  o f  th e  a .c . c u r re n t  is  th e  to ta l  
harm o n ic  d is to r tio n  (THD) and th e  common b asis  to  com pare th e  h y s te re s is  
com parison  techn iques w ith  th e  ram p  com parison  and th e  p red ic tiv e  schem e is 
th e  av e rag e  sw itch in g  frequency  d iscussed  in sec tion  3 .3 .3 . I t  should  a lso
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F ig .3 -19  E ffe c t o f  th e  Input Inductance on the  T o ta l H arm onic D is to rtio n  
in th e  A.C. C u rren t Using V arious T rack ing  Techniques 
(V = 339.4V, E = 710V, I = 20A, sw itch ing  freq u en cy  = lOKHz)sm dc sm
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be n o ted  th a t  f o r  h y s te re s is  com parisons, th e  h y s te re s is  band shou ld  be 
co rresp o n d in g ly  changed as  th e  inductance L is changed, in o rd e r  to  
m a in ta in  th e  sam e av e rag e  sw itch in g  frequency . F or ram p com parison , is  
se lec ted  to  en su re  c o n s ta n t sw itch ing  in each case  and a  p ro p e r am p litu d e  o f  
th e  re fe re n c e  c u r re n t  is  chosen to  o b ta in  th e  sam e a .c . c u r re n t being  d raw n  
fro m  th e  m ains.
3 .7  S u m m a ry
To co n tro l b o th  th e  d .c . link v o ltage and th e  a .c  c u rre n ts , i t  is  n e c e ssa ry  
f o r  th e  c u r re n t- fo rc e d  system  to  g e n e ra te  th e  a .c . c u r re n t re fe re n c e s  and  
use  a  su ita b le  tra c k in g  techn ique (a .c . c u r re n t co n tro lle r) to  a c tiv a te  th e  
p ow er devices, fo rc in g  th e  ac tu a l c u r re n ts  to  fo llow  th e ir  r e fe re n c e s . 
T h is c h a p te r  d iscu ssed  th e  p rin c ip le  o f c u r re n t- fo rc e d  schem e, em p h asiz in g  
on th e  v a rio u s  tra c k in g  techn iques. The c h a ra c te r is t ic s  o f  th e  v a r io u s  
tra c k in g  tech n iq u es have been c r it ic a lly  com pared, enabling  a  d e s ig n e r to  
s e le c t a  su ita b le  techn ique in any ap p lica tio n .
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Ch a p t e r  4 VOLTAGE-FORCED CONTROL SCHEMES 
—  Ind ir ec t  Control  of  A.C. Cu r r e n t s
4.1 I n tr o d u c t io n
T his c h a p te r  w ill be concerned  w ith  th e  o th e r a .c . c u r re n t co n tro l m ethod  -  
v o ltag e -fo rce d  schem e. Basic p rin c ip le s  o f th e  schem e w ill be p re se n te d
co n c en tra tin g  on th e  co n tro l o f th e  a .c . c u r re n t. A fte rw a rd s ,
im p lem en tations and some p ra c tic a l  p rob lem s w ill be d iscussed .
4 .2  P r i n c i p l e  o f  I n d i r e c t  C on tro l  o f  A.C. C u rren t
The co n tro l system  em ploying th e  v o ltag e -fo rce d  schem e is show n in F ig. 4-1, 
w h ere  th e  d.c. link vo ltage co n tro l loop is s im ila r  to  t h a t  o f  th e  
c u r re n t- fo rc e d  schem e and an in d ire c t co n tro l o f th e  a .c . c u r re n ts  w ith o u t 
c u r re n t  sen so rs  is  in co rp o ra ted  a s  an  in n er loop. The o b jec tiv e  f o r  th e  
c u r re n t  co n tro l loop is to  a c tiv a te  th e  pow er sw itch es o f th e  r e c t i f i e r  so 
th a t  th e  fun d am en ta l com ponents o f th e  te rm in a l vo ltages have th e  p ro p e r  
am p litu d e  and phase  w ith  re sp e c t to  th e  m ains. To exp la in  th e  p rin c ip le ,
i t  is  n ecessa ry  to  co n sid er th e  re la tio n sh ip  betw een  th ese  te rm in a l v o ltag es
and th e  supply vo ltages. F or c la r i ty ,  a  su b sc rip t f is added to  re p re s e n t
th e  fundam en ta l value. Sw itching h arm on ics in jec ted  in to  th e  m ain s  w ill 
n o t be considered  here .
In norm al o p e ra tio n  o f th e  r e c t i f ie r ,  and w ith  sw itch ing  h arm on ics ig n o red , 
th e  fundam en ta l com ponents o f th e  te rm in a l vo ltage v^^^ and a .c .  c u r re n t
7 4
P h ase
LockedLoop
FI C ontroller C om p en satordc RMsm T erm in alV oltage
C alcu lator
M odulationdtT.S
DC Link ^  []—
Load S ignalLoad
In jection
ou t
dc
F ilter
l+TrffS
Fig. 4-1 C ontrol System  o f th e  V o ltag e-F o rced  Scheme
a r e  sinusoidal fu n c tio n s  o f th e  tim e In s te a d y  s ta te ,  th e  p h a so r  
d iag ra m  fo r  one phase o f a  th re e -p h a se  balanced  system , w hich is  show n in 
F ig .4 -2 (a ), is usually  used.
E ssen tia lly , th e re  a re  tw o  a sp e c ts  involved in in d ire c t  co n tro l o f  th e  
c u r re n t ,  one being th e  m eans by w hich th e  re q u ire d  te rm in a l v o ltag es  a re  
c a lc u la ted , and th e  o th e r  being th e  m odulation  m ethod by w hich th e  re q u ire d  
te rm in a l vo ltages a re  g en e ra ted  a t  th e  te rm in a ls  o f  th e  r e c t i f ie r .  Both o f
th e se  can  be achieved by using  e ith e r  analogue o r d ig ita l  techn iques.
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F ig .4 -2  R ela tionsh ip  o f th e  V ariab les  in th e  A.C. Side 
(a) P h aso r D iagram  (b) Space V ector
4 .3  A n a lo g u e  I m p le m e n ta t io n
4.3.1 C alcu lation
Analogue im plem entation  c o n s is ts  o f  tw o  s tag es ; nam ely (i) g en e ra tio n  o f  th e  
m od u la tin g  s ig n a ls  w hich co rresp o n d  to  th e  fundam en ta l values o f  th e  
re q u ire d  te rm in a l vo ltages, and (ii) g en e ra tio n  o f th e  d rive  s ig n a ls
(sw itch in g  fu n c tio n s) fro m  th e  m odu lating  signals .
F rom  th e  p h aso r d iag ram  in F ig .4 -2 (a ), i t  can be seen th a t  th e  re q u ire d  
te rm in a l vo ltage fo r  th e  phase  A is given b y :-
V = V -  (R + jwL )IRAf sA s s  sAf
= ( 1 - R g  ) V -  WL g  j  Vs m sA s m sA
w h ere  th e  req u ired  c u r re n t  I = g V .sA f sA
E q n .(4.1) is given b y :-
(4.1)
The in -p h ase  com ponent in
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(1 -  R g )Vs m sm ( 4 . 2 )
and th e  q u a d ra tu re  com ponent b y :-
-wL g VS m sm (4 .3)
F ig .4 -3  shows th e  g en e ra tio n  o f th e  m odulating  signal f o r  th e  p h ase  A.
V , . V , _ and  v , ^ a re  s ig n a ls  p ro p o rtio n a l to  th e  p h a s e -n e u tra lsigA slgB slgC
v o ltag es  in phase  A, B and C, re sp ec tiv e ly . The in -p h ase  te m p la te  v issOC
d ire c tly  g en e ra ted  by v and th e  q u a d ra tu re  tem p la te  v „ is fo rm ed  bysigA s p
s u b tra c tin g  v^^^ fro m  v^ divided by a  f a c to r  V 3 \  b o th  te m p la te  s ig n a ls  
hav ing  an  am plitude o f V I* is  th e  am plitude o f th e  re fe re n c es i g  sm
c u r re n t ,  w hich comes fro m  th e  o u tp u t o f th e  re g u la to r  o f th e  d .c . link 
v o ltag e , ju s t  a s  in th e  c u r re n t- fo rc e d  case .
dc/W \
RMA dc
sigA smsa
sigB
S3sigC
K1
K2
K3
F ig .4 -3  G eneration  o f th e  M odulation Signal 
fo r  In d ire c t C ontrol o f A.C. C u rre n t
F o r convenience, le t th e  tw o tem p la te  s ig n a ls  b e :-
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V = V sin w ts a  sig
( 4 . 4 )
V _ = V coswt sig
The m odulating  s ig n al f o r  th e  p hase  A should involve in -p h ase  and q u a d ra tu re  
com ponents and th e re b y  can  be co n s tru c te d  a s  : -
V = (K + K I* )v -  K V -RMA 1 2 sm  sOL 3
= (K + K I )V sinwt -  K V I coswt1 2 sm  sig  3 sig  sm
= M V sin(w t-0)s ig
(4 .5)
w h ere
A = K + K I1 2 sm
B = K I*3 sm
4> = A rctg(B /A )
The su itab le  values o f K , K and  K should be determ ined  so th a t  a  v is1 2 3 RMA*c a lc u la ted  and th e  re q u ired  v^^ can  be g en e ra ted  w hen a  p ro p e r m odu lation  is 
app lied . W ithout lo ss o f g en e ra lity , consider th a t  i f  th e  r e c t i f i e r  is no t 
overm odula ted  th e  fu n d am en ta l com ponent o f th e  te rm in a l vo ltage a t  one ph ase  
should  be m E / 2  (m is th e  m odulation  index) [MOHAN 19891, th u s :-dc
M V
V = — ------------ E sin(wt-<&)RA 2 . dc
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V ,—   ^ £2 A dc (K + K I )sinwt “ K I coswt1 2 sm  3 sm ( 4 . 6 )
w h ere  A  ^ is th e  am plitude o f th e  t r ia n g u la r  wave c a r r ie r .
C om pare Eqn.(4.6) w ith  (4.1) and  no te  th a t  I = g V .sm m sm
g a in s  K , and in F ig .4 -3  a re  th e re b y  d e te rm in ed :-
The a m p lif ie r
V A
d c s i g
R A
^  ^ ^ dc sig
wL A
£ 3  = 2  ÿ —
d c s i g
(4.7)
T hese gains a re  co n stan t, provided th a t  th e  d .c. link v o ltage  E^ is  k ep t 
co n s tan t.
4 .3 .2  M odulations
U sing m odulation techniques to  a c tiv a te  th e  r e c t i f ie r  a llow s th e  te rm in a l 
v o ltag es  to  be genera ted . Several m odulation  tech n iq u es a re  av a ilab le . 
The freq u en tly  used m odulation techn iques a re  c a r r ie r  m odulation , optim um  
PWM (or harm onic elim ination) techn ique and space v ec to r m odulation . 
C a r r ie r  m odulation is su itab le  f o r  ana logue im p lem entation , w h e reas  optim um  
PWM and space v ec to r m odulation a re  u sually  im plem ented by d ig ita l sy stem s.
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4.3 .2 .1  sinusoidal PWM technique
The sinuso idal PWM technique is th e  m ost popu lar m ethod o f c a r r i e r  
m odulation  and is review ed ex ten siv e ly  in th e  l i te r a tu re  [e.g. BOOST 19881. 
The g en e ra l p rin c ip le  is th a t  an  isosceles t r ia n g le  c a r r i e r  wave is  co m p ared  
w ith  a  sine m odulating  wave, and th e  n a tu ra l  p o in ts  o f  in te rs e c t io n  
d e te rm in e  th e  sw itch in g  po in ts o f pow er devices ( re p re se n te d  h e re  by 
sw itch in g  fu n c tio n s). The m odulation  index, defined  a s  th e  r a t io  b e tw een  
th e  peak value o f th e  m odulating  wave and th e  peak value o f th e  t r ia n g le  
c a r r i e r  wave, is  an  im p o rtan t f a c to r  w hich governs th e  su ccessfu l o p e ra tio n  
o f m odulation . N orm ally, i t  v a r ie s  fro m  0 to  1. I t  should be em phasized  
th a t  in th e  r e c t i f ie r  con tro l, th e  m odulation  index is  co n s tra in e d  by th e  
need f o r  th e  m odulating  wave v^^^ to  s a t is fy  th e  re la tio n  d e fin ed  by th e  
p h aso r d iag ram  in F ig .4 -2 (a).
S u b s titu tin g  (4.7) in to  (4.5) y ie ld s:-
RMA
2 A
d c
* *(V -  R I )sinwt -wL I coswtsm s sm s sm (4 .8)
The m odulation  index is ob ta in ed :-
z  / {V -  R r  )^ + (wL r  fsm  s sm  s smm =
dc
d c
(4 .9)
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In re g en e ra tio n , th e  sign o f I re v e rse s  and m odulation  index  w ill besm
s lig h tly  increased  as  th e  c u r re n t in c reases . To s a t is fy  m :£ 1, i t  is
n e c e ssa ry  to  have
E & 2 V (4.10)dc sm
F o r a  conventional diode b ridge, th e  d .c .link  v o ltage  is  rough ly  eq u a l to
V  3 ’ V . E qn .(4.10) th en  in d ica te s  th a t  th e  d .c . link v o ltag e  shou ld  be sm
a t  le a s t  15.5% h igher th an  th a t  in th e  diode b ridge, so th a t  w h a te v e r load  
co n d itio n  th e  r e c t i f ie r s  a r e  no t over m odulated( m ^  1 ), e sp e c ia lly  in
re g e n e ra tio n . An a lte rn a tiv e  view o f u n d erstan d in g  Eqn. (4.10) is  th a t
p rov ided  th e  d.c. link vo ltage is  s e t  p ro p e rly  th e  m odulation  index  w ill be 
ab le  to  tak e  a  low enough value f o r  any load condition . T h is  s te a d y  s t a te  
req u irem en t, w hich has no t been ad d ressed  in  th e  l i te r a tu re ,  should  be ta k e n  
in to  accoun t w hen th e  sinuso idal PWM is employed in th e  v o lta g e - fo rc e d  
schem es. F or exam ple, f o r  a  415V (r .m .s .)  th re e -p h a se  supply , i f  th e  in p u t 
in d u c tan ce  L = 4mH, th e  d .c. link v o ltage  E^ has to  be s e t  h ig h er th a n  678V 
in  o rd e r  to  s a t is fy  m :s 1. F ig .4 -4  show s th e  re s u lts  w here  E = 680V anddo
th e  am plitude o f th e  input c u r re n t, I , is  50A. In re g e n e ra tio n , th esm
m odulation  index is  s lig h tly  la rg e r  th a n  th a t  in re c t if ic a t io n , b u t in  b o th  
ca se s , th e  r e c t i f i e r  is no t over m odulated , re su ltin g  in a  good c u r re n t  
w avefo rm . I f  th e  d.c. link vo ltage E is s e t  to  be 600V, th e  r e s u l ta n t  
m odulation  index is increased  to  1.13 in an  a tte m p t to  c re a te  s u f f ic ie n t ly  
h igh te rm in a l vo ltages to  s a t is fy  re la tio n  defined  by F ig .4 -2 (a ), and  th e  
r e c t i f i e r  is th en  over m odulated. Fig. 4 -5  show s th e  re s u lts ,  w ith  th e  
consequen t d is to r tio n  in input c u r re n ts .
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F ig .4 -5  R esults Using S inusoidal PWM w ith  a  Low er D.C. Link V oltage 
(a) R ectify ing  Mode (b) In v e rtin g  Mode
Top: V and C a rr ie r  W aveform; Middle: S ; Bottom : v and  iRMA a sA sA
8 3
4 .3 .2 .2  th ird  harm onic in jec tio n  techn ique
T he so -c a lle d  harm onic  in jec tio n  techn ique can be h elp fu l in red u cin g  th e  
d .c . link vo ltage because i t  r e s u l ts  in  a  f la t- to p p e d  m odulating  w avefo rm  
w hich  a llow s th e  r e c t i f i e r  to  .g en e ra te  a  h ig h er fu n d am en ta l com ponent o f 
te rm in a l vo ltages f o r  th e  sam e m odulation  index. I t  is show n in th e  
re fe re n c e  [HOULDSWORTH 1984] th a t  th e  add ition  o f o n e -s ix th  o f  th ird  
h arm o n ic  to  th e  m odulating  sig n a l h as  th e  e f fe c t  o f  reducing  th e  peak value 
o f th e  signal w aveform  by a  f a c to r  V 3 / z  w ith o u t changing th e  am p litu d e  o f 
th e  fu n d am en ta l. T hus th e  m odulating  signal ex p ressed  by Eqn. (4 .5)
becom es : -
V = M V I sinCwt-^^) + sin(3w t-30) | (4.11)RMA s I g I 6 J
and  h as  th e  am plitude o f — -—  M a t  wt= <p + The m odulation  index
is  given b y :-
m =
y  2 y /  (V - R I  ) ^ + (wL Ism  s sm  s sm
2 ------^ -----  (4.12)
---------- ^dc
To s a t is fy  m 1 r e q u ir e s : -
^ / T "  V (4.13)dc sm
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Com parison o f Eqn. (4.13) and  E qn.(4.10) show s th a t  w ith  th e  th ird  harm on ic  
in jec tio n  th e  d .c .lin k  vo ltag e  can be s e t  13.4% lo w er th a n  w ith  sinuso ida l 
PWM f o r  th e  sam e a llo w ab le  m odulation index. The m inim um  d .c . link  v o ltag e  
re q u ire d  is equal to  th e  n a tu ra l  value produced in a  diode b rid g e . In 
p ra c t ic e , th e  d .c . link  vo ltag e  is  a lw ays s e t  s u ff ic ie n tly  h ig h e r th a n  th e  
m inim um  value in o rd e r  to  m anage th e  f lu c tu a tio n  in th e  d .c . link  v o ltag e  
due to  th e  change o f th e  load.
With th e  sam e p a ra m e te rs  a s  w ere  used in F ig .4 -5 , ( E w as only 600V) anddc
w ith  harm onic in jec tio n  to  red u ce  th e  m odulation index to  rough ly  1, th e
r e s u lt  o f Fig, 4 -6  is  ob ta ined . T here  is  no o bservab le  d is to r tio n  in th e
a .c . c u r re n ts .
In sum m ary, th e re  a r e  tw o  cond itions governing th e  m odulation . F irs tly , 
th e  te rm in a l v o ltag e  should s a t is fy  th e  re la tio n  defined  by th e  p h aso r 
d iag ram  shown in F ig .4 -2 (a ), w hich en su res  u n ity  pow er f a c to r  in  both  
re c t if ic a t io n  and re g en e ra tio n . Secondly, th e  m odulation  index  h a s  to  be 
kep t le ss  th an  1 o r  d is to r tio n  w ill occur; th is  cond ition  w ill g u a ra n te e  a
sin u so id a l w aveform  in a .c . c u r re n ts . I f  e i th e r  o f th e se  cond itions is  
b reach ed  th e  co rresp o n d in g  f e a tu re  w ill be lo st. T here  is  a  m inim um  d .c. 
link  v o ltage  f o r  which th e se  tw o  cond itions can be sa tis f ie d . In jec tio n  o f 
th i rd  harm onic allow s red u c tio n  o f th e  d .c. link v o ltage  by 13.4% com pared
w ith  th e  sinusoidal PWM, b u t th e  h a rd w are  needed f o r  im plem en tation  is  m ore 
com plex.
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4 .3 .3  P ra c tic a l Problem s o f Im plem entation
An in h e ren t problem  fo r  analogue im plem entation  is th e  accu racy . One 
n o tice s  in E qn.(4.7) th a t  th e  p erfo rm an ce  o f th e  inpu t c u r re n t  c o n tro l 
depends on a c c u ra te  ca lcu la tio n s  o f th e  gains, K^, and w hich  a r e  a ll 
r e la te d  to  th e  d.c. link voltage. If  th e  P c o n tro lle r  is used  to  re g u la te  
th e  d .c . link vo ltage, an in h eren t vo ltage e r r o r  in s tead y  s t a t e  h a s  to  be 
com pensated . U sually, th e  o u tp u t o f  th e  t r ia n g u la r  c a r r i e r  g e n e ra to r  is  
m u ltip lied  by d .c . link vo ltage b e fo re  i t  is com pared w ith  th e  m o d u la tin g  
s ig n a l, in o rd e r to  com pensate th e  vo ltage  e r ro r .  F o r a PI c o n tro lle r , 
th e re  is no e r r o r  in d .c. link vo ltage in s tead y  s ta te  and th e  g a in s  can  be 
d e term in ed  by using  th e  re fe re n c e  d .c . link  vo ltage  in  ca lc u la tio n s . In 
t r a n s ie n t  s ta te ,  some e r ro rs  a re  s t i l l  inev itab le .
The m ore im p o rtan t f a c to r  fo r  v o ltag e -fo rce d  schem es is  th e  s ta b i l i ty  o f  th e  
d .c . link vo ltage con tro l. To o b ta in  a  w ide ra n g e  o f  s ta b i l i ty ,  i t  is 
im p era tiv e  th a t  a  d if fe re n tia l  com pensation be added in th e  c o n tro l c irc u i t ,  
w hich w ill be explained  in C hap ter 5. In p ra c tic e , th e  ga in  is  changed  
t o : -
R
= -  2 - r dc Vsig
1 +
R
(4.14)
w h ere  S = d /d t ,  the  d if fe re n tia l  o p e ra to r . As can  be seen  h e re , in 
ad d itio n  to  im plem enting a  p e r f  e c t com pensation , in tro d u c tio n  o f th e  
d i f f e re n t ia to r  w ill cause noise problem , a s  i t  is  w ell known.
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4 .4  D ig i ta l  I m p le m e n ta t io n
T h ere  a re  a t  le a s t tw o m a jo r ad v an tag es in im plem enting v o lta g e - f  o rced  
schem e d ig ita lly . F irs tly , th e  req u ired  te rm inal v o ltag e  can  be m ore
a c c u ra te ly  ca lcu la ted . Secondly, i t  is then  possib le  to  im plem ent m ore
so p h is tic a ted  co n tro l a lg o rith m s, such as  space vec to r m odulation  tech n iq u es 
and dynam ic com pensation  f o r  s ta b ility .
Bef o re  d iscussing  d ig ita l im plem entation , i t  is n ecessa ry  to  ex ten d  som e 
co n cep ts  m entioned a t  th e  beginning o f  th is  ch ap te r. As s ta te d  b e fo re , i f  
sw itch in g  harm onics a re  ignored, th e  te rm in a l vo ltages and  in p u t c u r re n ts
can  be rep re sen te d  by th e ir  fu n d am en ta l com ponents. T h e re fo re , th e
f  undam en ta l com ponent v ec to rs  o f  th e  te rm in a l vo ltage and  in p u t c u r re n t ,  
and can be defined  by correspond ing ly  rep lac in g  th e i r  fu n d am en ta l
com ponents in E qns.(2.25) and (2.23) and  bo th  of them  r o ta te  a t  th e  a n g u la r  
speed  w on th e  space p lane, synchronous w ith  th e  supply v o ltag e  v e c to r  V .
—  S
F ig .4 -2 (b ) i l lu s tra te s  s tead y  s ta te  re la tio n sh ip  o f th e  inpu t v a r ia b le s  on
th e  sp ace  plane a t  an  a r b i t r a r y  in s ta n t.  Note th e  d iffe re n c e  b e tw een  th is  
d iag ram  and p h aso r d iag ram  in F ig .4 -2 (a ). The fo rm e r  show s th e
re la tio n sh ip  betw een th e  v o ltage and  c u r re n t  v ec to rs  w hich a re  d efin ed  to
re p re s e n t  th re e -p h a se  q u a n titie s  in  a  convenient w ay, w h e reas  th e  p h aso r
d iag ra m  shows th e  re la tio n sh ip  betw een  th e  sinuso ida l v a r ia b le s  (as
fu n c tio n s  of tim e) in one phase. The requ ired  w hich "fo rce s"  th e
c u r re n t  to  be aligned w ith  th e  supply voltage in bo th  re c t i f ic a t io n
and re g en e ra tio n , can be ob ta ined  by ca lcu la tio n  based on th is  d iag ram . A 
p ro p e r  PWM m odulation techn ique should  be chosen to  im plem ent V*^. The
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pow er t ra n s f e r re d  betw een th e  supply and th e  d .c . link can  be co n tro lled  by 
, th e  voltage v ec to r a c ro ss  th e  input in d u cto rs .
4.4.1 C alculation
F o r ca lcu la tio n , a  d -q  ro ta t in g  model is  easily  used. If th e  d -a x is  is
f ix e d  a t  th e  supply vo ltage v ec to r V , a s  show n in F ig .4 -2 (b ), th e  re q u ired
fu n d am en ta l of th e  te rm in a l vo ltag e  V can be ca lcu la ted  a s  fo llo w :-- R f
*F ir s t ,  in th e  d -q  fram e , th e  d ire c t-a x is  com ponent o f is given by:
C  = -  / - f  R 'lm  (4 '5 )
and, th e  q u a d ra tu re -a x is  com ponent is : -
V* = -  w L / —  r  (4.16)Rqf s  V 2 sm
Then, th e  dc q u a n titie s  V and  V a r e  converted  to  th e  a - 6  f ra m e  w ithRdf Rqf
th e  help of cos0 and sinG sig n a ls  g e n e ra ted  fro m  a phase  d e te c to r :-
V = cosG V -  sinG  VR «f Rdf Rqf
(4.17)
V .  = sinG  V + cosG VR^f Rdf Rqf
F inally , th e  req u ired  is  o b ta in ed :-
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l Ï Rr I + y * lR a f  R ^f
V
A +  R & Fy = A rc tg  ------------
( 4 .1 8 )
VR a f
4 .4 .2  Space V ector M odulation Techniques
T he w ay  o f re a lis in g  is to  use  one of th e  d ig ita l PWM tech n iq u es ,
w idely  used in  in v e rte r  co n tro l. If th e  sw itch ing  freq u en cy  is  high
enough, V^^ can be t r e a te d  as  a  co n s tan t w ith in  th e  sw itch in g  p e rio d  and  m ay 
be co n v erted  in to  an analogue signal w hich is com pared  w ith  a  t r ia n g le
c a r r i e r  w aveform . The in te rse c tio n s  determ ine th e  sw itch in g  fu n c tio n s . 
T he o th e r  ap p ro ach  is to  use optim um  PWM technique. In th is  m ethod , th e  
p re c a lc u la te d  PWM w aveform s a r e  s to re d  a s  b it  s tre a m s  o f Is and  Os in  th e  
ROM. To o b ta in  th e  p ro p e r d riv e  s ignals  (sw itch ing  fu n c tio n s) th e
m ic ro p ro c esso r se lec ts  one o f th e  s to red  w aveform s by w r i t in g  th e
a p p ro p r ia te  by te  to  a  la tc h  th a t  is connected  to  th e  ad d re ss  p ins o f th e  ROM 
an d  th e  pulse w id th s a re  g en e ra ted  in th e  tim e dom ain w ith  th e  help  o f 
d o w n -co u n te rs . The u n d esirab le  harm onics can be e lim in a ted  by p ro g ram in g  
th e  p re c a lc u la te d  w aveform s.
A no ther e f fe c tiv e  m odulation m ethod, so -ca lled  space  v ec to r m odu lation  
tech n iq u e  [HOLTS 1983, DEPENBROCK 1987, BLOCK 1988, HABETLER 1991], is  
recom m ended h ere  since i t  h as  th e  advan tages o f im proved harm o n ic  
p e rfo rm an c e , especia lly  a t  low d.c. link voltage, and im proved t r a n s ie n t  
p e rfo rm a n c e  a t  any o p e ra tin g  condition , in com parison to  c a r r ie r  com parison
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PWM techniques.
In every  sam pling period , w hich n o rm ally  equa ls  a  sw itch in g  p erio d , th e  
re q u ire d  te rm in a l vo ltage is c a lc u la ted  based  on th e  m ethod m entioned
above. m ight be located  in any p o sition  on th e  sp ace  p lane a t  one
sp ec if ie d  sam pling period  because i t  r o ta te s  a t  th e  a n g u la r  speed  o f  th e  
supply . I t  has been m entioned th a t  th e  r e c t i f ie r  can  p roduce only s ix  
ac tiv e  te rm in a l vo ltage v ec to rs  and tw o  ze ro  v o ltag e  v ec to rs . To o b ta in  
th e  re q u ired  te rm in a l vo ltage th e  tw o  n e a re s t  a c tiv e  v ec to rs  a re  chosen
p lu s p ro p e r ze ro  v ec to rs , and sw itch in g  m odulated  b e tw een  th em  to  give th e
d es ire d  tim e average. The conduction  tim es  o f th e  r e c t i f i e r  sw itch es  a re
m odulated  accord ing  to  th e  am plitude and th e  angle o f
S e c to r Z e ro  V o l t a g e s A c t i v e V o l t a g e s Z e r o  V o l ta g e s
N 1 2
I Y , ( o ) Y , ( 7 )
I I Y , ( 7 ) Y , ( « ) Y ^ ( 2 ) Y « ( o )
I I I Y c ' o ) Y « ( 2 ) Y , ( 3 ) Y , ( 7 )
IV V ^ ( 7 ) Y , ( 3 ) Y , 0 ) Y , ( o )
V Y s ' o ) Y , n ) Y , ( 5 ) Y , ( 7 )
VI Y , ( 7 ) Y , ( 5 ) Y , ( o )
T a b l e  4 . 1  S w i t c h i n g  T a b l e  f o r  S pace V e c t o r  M o d u l a t i o n
The ang le  y obtained  from  (4.18) d e te rm in es  th e  s e c to r  o f th e  sp ace  p lane 
w h ere  th e  V should l ie :-- R f
N = INT ( T | + 1 (4.19)
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w h e re  N ( = I, II, . . .VI) is th e  se c to r  num ber, a s  id en tif ied  in F ig .3 -5 , 
and  INT m eans in te g e r p a r t  o f th e  exp ression . The ac tiv e  v o ltage v e c to rs  
f o r  m odulation a re  th e reb y  determ ined  by knowing th e  position  o f a s
sum m arized  in T able 4-1.
T he m odulation is  achieved by using tw o  ad ja c e n t ac tiv e  vo ltage  v e c to rs  w ith
a p p ro p r ia te  du ty  cycle f o r  th e  pow er sw itch es . F ig .4 -7 . show s an  ex am p le
o f im plem entation  o f th e  space vec to r m odulation. In one sw itch in g  p erio d ,
th e  r e c t i f ie r  is sw itched  from  V^(4) to  V^(6) w ith  th e  duty  cycle d e te rm in ed  
♦  *by th e  value o f V^^^ and V^^^. By re fe r r in g  to  F ig .4 -7 (a ), th e  v o ltag es
*  *V and V a re  c a lcu la ted  b y :- RfX Rfy
Rfy |v ^ ^ |s in r
(4 .20)
T he tim e  d u ra tio n s  o f th e  ac tive  v ec to rs  and th e  ze ro  vo ltage v e c to rs  a r e  
given b y :-
t  = R f X
d c
t  = y
VR f y
d c
(4.21)
= t  = (T  -  t  -  t  ) /  2'A z 2  s  X V /
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w h ere  T is th e  sw itch ing  p erio d  and  t  and t  a r e  th e  tim e s  fo rs  z  1 z 2
in co rp o ra tin g  zero  v ec to rs  V^(0) and V^(7).
'Rfy
Bfx
Y^O);  V^g)  , V ^ 7 )
■t.70 —I
(a) (b)
I Yd<) I Y^*) ! Y^7) |Y^n ! Y^f) | Yjio
Izi / 2
t / 2
1^ 2 2 / 2
(c)
F ig .4 -7  Sw itching P a tte rn s  o f Space V ector M odulation
(a) A djacent A ctive V ectors
(b) Sw itching P a t te rn  o f S tan d a rd  M odulation
(c) Sw itching P a tte rn  o f  Im proved M odulation
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In a  s ta n d a rd  m odulation  techn ique , a s  shown in F ig .4 -7 (b ), tim e  sp e n t on 
th e  z e ro  vo ltage v ec to rs  is  equally  d is tr ib u te d  a t  th e  beginning  and  th e  end 
o f th e  sw itch ing  p erio d  T^. However, an  im proved m odulation  tech n iq u e  can  
red u ce  th e  rip p le  co n ten t o f  th e  in p u t c u r re n t, a s  w as d em o n s tra te d  in 
s ec tio n  3 .5  w here th e  im proved space v ec to r m odulation techn ique w as app lied  
to  th e  p red ic tiv e  c u r re n t- f o rc e d  schem e. T his is achieved by m odify ing  th e  
sw itch in g  p a tte rn  so th a t  i t  is  s p li tte d  in to  tw o  m ir ro r  im ages ce n tre d  
aro u n d  th e  h a lf  cycle tim e  (T ^/2), a s  shown in F ig .4 -7 (c). In com parison  
to  th e  s ta n d a rd  m odulation  in  F ig .4 -7 (b ), th e  im proved m odulation  a c tiv a te s  
th e  sw itch es tw ice  p e r  sw itch in g  cycle, w hich im proves th e  c o n tro lla b ility  
o f th e  a .c . c u r re n ts  f o r  th e  sam e sw itch in g  frequency .
4 .4 .3 . D iscussion
4 .4 .3 ,1  m odulation  index  and d .c. link vo ltage
W ith th e  condition  t + t + t  + t  = T i t  can  be proved  th a t  th eX y  z l  z2 s
re q u ire d  te rm in a l vo ltag e  v ec to rs  ob ta in ab le  re s id e  in side  th e  hexagon
fo rm ed  by th e  s ix  ac tiv e  vo ltage v ec to rs , shown in d o tted  line  in F ig .3 -5 .
Space v ec to r m odulation  tech n iq u e  h as  th e  sam e e f fe c t  a s  th i rd  harm on ic  
in jec tio n , th a t  is, th e  d .c. link v o ltage  can be reduced  by 13.4% re la t iv e
to  s inuso ida l PWM tech n iq u e , s ince  th e  m axim um  fu n d am en ta l o f th e  te rm in a l 
vo ltage  can  be 15.5% h ig h er when d .c. link vo ltage is  c o n s ta n t [BROECK 
19881. Fig. 4 -8  show s th e  sim u la tio n  re s u lts  w here  th e  = 600V. A good
a .c . c u r re n t  w aveform  is s t i l l  ob ta ined , a s  th a t  in F ig .4 -6 .
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F ig .4 -8  R esu lts o f Using S tan d a rd  Space V ector M odulation T echnique
w ith  a  Low er D.C. Link V oltage (Sw itching Frequency  is lOKHz) 
Top: V and i ; Bottom : Sw itching F unction  S
4 .4 .3 .2  sam pling freq u en c y /sw itch in g  frequency
W ith space vec to r m odulation, th e  ca lcu la ted  te rm in a l v o ltag e  is  u p d a ted
only once per sw itch ing  period  when th e  sam pling period  is se lec ted  to  be
equal to  sw itch ing  period. T his is p a r tic u la r ly  im p o rtan t fo r  a  r e c t i f i e r
o p e ra tin g  a t  low sw itch ing  frequency , w here  e r r o r  is in tro d u ced  by assum ing
/  3 •th a t  th e  vo ltage drop  a c ro ss  th e  input in d u cto rs  is  w L y  —^  I 
(sp ec ified  by Eqn.(4.16)). From  th e  re s u lts  o f sim u la tio n  i t  seem s th a t
th e  sam pling  frequency  should be h ig h er th an  5KHz. Thus, when sam pling  is
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only once per sw itch ing  cycle, th e  sw itch in g  frequency  should  a lso  be w ell 
above 5KHz. It is possib le  to  sam ple tw ice , o r  even m ore tim es , in each  
sw itch in g  cycle, but th e  r e s u lta n t  im plem entation  w ill th en  be m ore com plex 
and need fu r th e r  in vestiga tion  in p ra c tic e .
4 .5  S u m m a ry
In th is  ch a p te r , th e  in d ire c t a .c . c u r re n t  con tro l m ethods have been
d iscu ssed . In addition  to  avoid ing  th e  use o f c u r re n t  m o n ito rin g  dev ices,
th e  v o ltag e -fo rce d  schem e h as  th e  ad v an tag e  th a t  th e  sw itch in g  h arm o n ics  a r e  
m ore  p re d ic tab le  fo r  e lim ina tion  p u rposes, like th e  ram p  com p ariso n  and th e  
p re d ic tiv e  schem e in th e  c u r re n t- fo rc e d  schem e (section  3 .4  and 3 .5 ), s in ce  
th e  sw itch in g  frequency  is  fix ed .
Im plem entation  re q u ire s  th e  c a lc u la tio n  o f th e  te rm in a l v o ltag es , fo llo w ed  
by a  p ro p e r m odulation to  p roduce th e  vo ltages ac ro ss  th e  in d u c to rs  in  th e  
in p u t lines to  be in q u a d ra tu re  w ith  th e  supply vo ltage. T h is  is
eq u iv a len t to  fo rc in g  th e  pow er f a c to r  to  be un ity . The co n d itio n  f o r  good 
c u r re n t  w aveform  is  r e s tr ic te d  by th e  m odulation index. F o r th is  re a so n , 
th e  d .c . link vo ltage has to  be a t  le a s t  15.5% h ig h er th a n  th a t  in  sim ple
d iode b ridge. Some im provem ent, to  reduce th e  d .c . link v o ltag e , is
p o ssib le  by in jec tio n  o f th i rd  harm on ic  o r  by using  space  v ec to r m odu lation  
tech n iq u e . However, a  m ore im p o rtan t asp ec t, to  be d iscussed  in th e  n e x t
c h a p te r , is th a t  th e  ca lcu la tio n  o f th e  te rm in a l v o ltag e  produced  by th e
r e c t i f i e r  is q u ite  com plicated  u n d er t r a n s ie n t  cond itions, bu t i f  th e  sim ple
a lg o rith m s correspond ing  to  s tead y  s ta te  a re  used th e  co n d itio n s  f o r  
s ta b i l i ty  become very re s tr ic tiv e .
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C h a p te r  5- S t a b i l i t y  a n d  T r a n s ie n t  R esp o n se  o f  DC Link C o n t r o l
5.1 I n tr o d u c t io n
The tw o  previous c h a p te rs  w ere  p rim arily  concerned w ith  th e  co n tro l o f  th e  
a .c . c u r re n ts , which fo rm s an in n er con tro l loop in th e  w hole co n tro l sy stem . 
F ig .3 -1  and Fig.4-1 have show n th e  dual loop system , in th e  ca ses  o f v o ltag e  
and  c u r re n t  fo rc in g  re sp ec tiv e ly . In th is  c h a p te r th e  co n tro l o f  th e  d .c . 
link vo ltage  w ill be in v es tig a ted , w ith  em phasis on s ta b il ity  and t r a n s ie n t  
behaviour.
The n e x t sec tio n  is th e  b a s ic  p rin c ip le s  o f pow er flo w  co n tro l, lead ing  on to  
d iscu ssio n  o f th e  d .c. link vo ltage feedback co n tro l, to g e th e r  w ith  in jec tio n  
o f  load  in fo rm ation . Then, th e  s ta b il ity  o f th e  d .c . link co n tro l w ill be 
in v es tig a ted , w ith  th e  t r a n s ie n t  response  being analysed  by m eans o f th e  
s im u la tio n ,
5 .2  C o n tro l  o f  P o w e r  F lo w
On co nsidering  th e  co n tro l system  d iag ram s shown in F ig .3-1  and F ig .4 -1 , i t  
is  seen  th a t  th e  o u te r  loops w hich hold th e  d .c. link vo ltage to  c o n s ta n t a r e  
id en tica l. C ontrol of th e  pow er flow  is c a rr ie d  ou t by co n tro llin g  d .c . 
link vo ltage , perh ap s a lso  w ith  in jec tion  of in fo rm atio n  abou t th e  load. 
F o r co n tro l o f th e  d .c . link vo ltage, th e  system  co n sis ts  o f a  v o ltag e  
sen so r, a  low -pass f i l t e r  to  elim ina te  th e  sw itch ing  harm onics, and a 
re g u la to r .  In re sp o n se  to  a  change in th e  load th e  d.c. link v o ltag e
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v a r ie s , and th e  o u tp u t o f th e  re g u la to r  w hich d efin es  th e  am p litu d e  o f th e  
a .c . c u r re n ts  consequen tly  changes value a n d /o r  sign. The inpu t pow er is  
th e re fo re  re g u la ted  to  c o r re c t  th e  change o f th e  d .c. link v o ltag e , and so 
m a tch  th e  load req u irem en t. It m ight seem  th a t  a  m ore d ire c t  w ay o f 
co n tro llin g  th e  pow er flow  is to  provide th e  c o r re c t am plitude o f th e  a .c . 
c u r re n ts  d irec tly  from  an ex a c t know ledge o f load req u irem en t. B e tte r  is  to  
in tro d u ce  a load in jec tio n  loop in to  th e  feedback , a s  shown in F ig .3 -1  and  
F ig .4 -1 , which allow s f a s te r  response  w ith o u t excessive vo ltage  v a r ia tio n s ;  
m oreover, th e  value of d .c  cap ac itan ce  can a lso  be reduced .
A ccu ra te  e s tim a tio n  o f load re q u irem en t needs f u r th e r  in v es tig a tio n , b u t one 
p o ss ib ility , i f  th e  re v e rs ib le  r e c t i f i e r  is  com bined w ith  an  in d u ctio n  
m ach ine d rive system , is to  e s tim a te  th e  o u tp u t pow er to  th e  in v e r te r  b y :-
P = w T + Pout  e e add
w h ere  is th e  synchronous an g u la r  frequency , T^ is  th e  to rq u e  dem and and 
P^dd ad d itio n a l pow er lo sses, including pow er lo sses in  th e  sw itch in g  
dev ices in th e  in v e rte r  and o th e r  ad d itio n a l losses. The re q u ire d  am p litu d e  
o f  th e  re fe re n c e  c u r re n t  can be ca lc u la ted  f ro m :-
PJ* o u t
sm 3 y
2 s m
I t  is obvious th a t  a  co n tro l loop o f th e  dc link vo ltage is a lw ay s e s se n tia l  
even th e re  is a  load in jec tio n  loop. T his is because  o f tw o fa c ts .  F ir s t ,  
in p ra c tic e , i t  is d if f ic u l t  to  o b ta in  a c c u ra te  load req u irem en t. Second,
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d iffe re n c e s  in sw itch in g  s t r a te g ie s  and freq u en c ies  betw een  r e c t i f i e r  and 
in v e r te r  make an in s tan tan eo u s  pow er m atch  im possible. The dc link h as  to  
be u se  to  handle th e  re s id u a l unbalance betw een th e  input and th e  load.
5.3  C o n d it io n s  f o r  S t a b i l i t y  A n a l y s i s
T he m ath em atica l m odels d eriv ed  in C h ap te r2 d escrib e  th e  dynam ic behav iou r o f 
a  v o ltag e-so u rced  r e c t i f ie r .  The d is c re te  n a tu re  o f  th e  m odels m akes them  
d if f ic u l t  to  use in s ta b il i ty  an a ly sis . An e ffec tiv e  m ethod is to  d eriv e  a 
sm a ll-s ig n a l model by co n sid erin g  sm all p e r tu rb a tio n s  ab o u t th e  o p e ra tin g  
p o in t in th e  n on linear p ow er ba lan ce  equation; th e  system  s ta b il i ty  o f th is  
m odel is then analysed . T h is sm a ll-s ig n a l model is  a lw ays valid  in an a ly s is  
o f s ta b il ity  although i t  is unab le to  d esc rib e  th e  tra n s ie n t  behav iou r when 
th e  f lu c tu a tio n s  in th e  v a r ia b le s  ab o u t th e  o p e ra tin g  poin t a re  g re a t .
T he basic  assum ption  m ade in deriv ing  pow er balance eq u a tio n s is  th a t  th e  
sw itch in g  frequency  is above th e  bandw id th  o f th e  dc link co n tro l loop, th a t  
is , th e  d isc re te - tim e  n a tu re  o f th e  r e c t i f ie r  can  be ignored. W ith th e  
c u r re n t- fo rc in g  in th e  in n e r loop, th e  assum ption  th a t  th e  d is c re te - t im e  
n a tu re  can be ignored  im plies th a t  th e  ac tu a l a .c . c u r re n ts  fo llow  th e ir  
r e fe re n c e s  ex actly , so th a t  th e  a .c . c u r re n ts  a re  p e r fe c t  s inuso ida l 
w av efo rm s w ith o u t phase  s h i f t  w ith  re s p e c t to  th e  m ains v o ltag es . If th e  
v o lta g e -fo rc e d  schem e is  used a s  th e  in n er loop, th e  assum ption  is  equ iva len t 
to  th e  p u lse -w id th -m o d u la ted  te rm in a l vo ltages being rep laced  by th e ir  
fu n d am en ta l com ponents.
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5 .4 . S ta b le  R e g io n  f  o r  C u r r e n t - F o r c e d  S c h e m e  
5.4.1. R ectify ing  O peration  Mode
5.4.1.1 sm all-s ig n a l model
To stu d y  th e  c u r re n t- fo rc e d  co n tro l system , i t  is  assum ed th a t  th e  inpu t 
(a .c .)  c u r re n ts  t ra c k  th e ir  re fe re n c e s  ex a c tly  and  th e  m ains supp ly  is 
balanced . In th is  case  th e  in s tan tan eo u s  inpu t pow er can  be e x p re ssed  in 
te rm s  of th e  am plitude o f th e  c u r re n ts  [Appendix. II], and th e  eq u a tio n  
re la t in g  input pow er to  o u tp u t (d .c) pow er p lus th e  r a t e  o f change o f energy  
s to re d  in th e  c irc u it  re a c ta n c e s  is easily  w ri t te n , a s : -
d l
d t
dE dc
dc d t
+ E idc out
w h ere
( 5.1a )
V I = y f
The equation  is  n o n -lin ea r in th e  v a r ia b le s  o f in te re s t ,  nam ely E , I , anddc s
To proceed f u r th e r  sm all d ev ia tio n s ab o u t a  fix ed  o p e ra tin g  p o in t a r e  
The c irc u it p a ra m e te rs  and  th e  inpu t vo ltage a re  supposed  to  be 
in v a ria n t. Then, rep lace  d /d t  by S, and w r i te : -
o u t
s tu d ied .
100
V = V , I = I + AI (5.2)s sO s sO s
E = E + AE i = I + AIde dcO dc o u t  0 o
H ere su b sc rip t o r e f  e rs  to  th e  o p e ra tin g  p o in t, and A d en o tes  a  
p e r tu rb a tio n . The fo llow ing  can  th en  be d eriv ed :-
AE = G(s) AI -  G (s) AI (5 .3a)de s I o
w h ere
G(s) = ---------------    , G .(s) =
L I V -  2 R 1S sO sO s  sOa  =   , a_ =
C E  C EdcO dc O
T = R C , R = — —
0
E qn .(5 .3a) show s th e  re la tio n sh ip  betw een  th e  v a ria b le s  o f in te re s t ,  i.e . dc 
link vo ltage  AE , inpu t c u r re n t AI and load c u r re n t  AI . The blockdc s o
d iag ra m  of th e  sm all s igna l model o f th e  clo sed -loop  co n tro l sy stem  is  shown
in F ig .5-1. N ote th a t  th e  re fe re n c e  value fo r  th e  v a r ia tio n  in th e  dc link
*  *vo ltag e , AE , is  ze ro , and th e  c u r re n t re fe re n c e  AI is assum ed  to  equal todc s
th e  a c tu a l c u r re n t  AI . The t r a n s f e r  fu n c tio n  betw een  th e  dc link  v o ltage 
AE and th e  load c u r re n t  AI can  be o b ta in ed :-dc o
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PI C ontroller
A E dc AI A E dc
Filter AI
F ig .5-1 Block D iagram  o f th e  Small Signal Model
AEdc c S + c S 2 1
AI 1 + G G G c f S^ + b S ^  + b S  + b  2 1 0
w h ere (5 .4a)
G (s) = K ( 1 + c p T S
) (PI c o n tro lle r)
K
G^(s) = d f
1 + T Sdf
(F ilte r)
b  =
T d f
-t V  + K  ' + 1 ^ -  )'d f  C 1
C =  1
^2 =
C T df
b = K — - o a
T -  + - I F -  + K a .C df
5 .4 .1 .2  s ta b il ity  ana lysis
To in v es tig a te  th e  s ta b il ity  f u r th e r  th e  c h a ra c te r is t ic  eq u a tio n  o f 
E qn .(5 .4a) is m anipu lated  a lg eb ra ica lly  to  a  fo rm :-
1 0 2
1 + K a
( S + z  ) ( -  S + z  )   1 2_________
( S + p ^ ) (  s + p^) (  s + p^)
= 0 (5 .5a)
w h ere
z  = 1 T . ’1 Pj = 0. ^2 = df
z^ and p^ a re  zé ro s  and  po les o f  th e  "open-loop" t r a n s f e r  fu n c tio n , 
re sp ec tiv e ly  (i = 1 , 2  and j = 1, 2 ,3 ). T ypical p o s itio n s  o f  th e se  poles and
z e ro s  and sev e ra l ro o t loci w ith  d if f e re n t  tim e c o n s ta n t a r e  ske tched  in
F ig .5 -2 , based  on th e  a c c u ra te  ca lcu la tio n s . The loci s t a r t  fro m  th e  poles
(a) (b)
F ig .5 -2  S ketches o f Root Loci o f  C urren t- 
Forced  Scheme (R ec tif ic a tio n )
(a) when 1 /T  »  1/x1 C
(b) sm all 1 /T  b u t 1/T  > 1/ ti 1 c
(c) sm all 1 /T  b u t 1/T  < 1/t1 1 c
(c)
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and move ap p ro ach in g  to  th e  ze ro s  a s  th e  p ro p o rtio n a l gain  o f  th e  PI
c o n tro lle r  in c re ases . N ote th a t  th e  ga in  K a^, pole p^ and z e ro  z^ v ary  a s
z^ and p^ a r e  inverse lyth e  s te a d y - s ta te  o p e ra tin g  po in t s h if ts ,  
p ro p o r tio n a l to  th e  tim e c o n s ta n t o f th e  PI c o n tro lle r  and  th e  fîiùe c o n s ta n t
o f  th e  dc v o ltag e  f i l t e r ,  re sp ec tiv e ly . Usually, th e  pole p^ lies  very  n e a r  
th e  o rig in  and  z e ro  z  f a r  aw ay th e  o rig in . In one case , w ith  th e  cond ition
1 /T  »  1 / T , a s  show n in F ig .5 -2 (a ), a s  th e  gain  K is  in c reased  and  p I c p i and
p^ f i r s t  move along  th e  a x is  to  coa lesce , and th en  d iverge  a s  a  co n ju g a te  
p a ir  o f poles m oving o f f  th e  re a l  ax is , and even tua lly  in to  th e  r ig h t  h a lf  
p lane. F ig .5 -2 (b ) and  (c) a lso  show th e  several d if fe re n t  loci a s  th e  tim e  
c o n s ta n t ta k e s  d if f e re n t  values, bo th  providing a  w id er s ta b le  reg io n  th a n  
th a t  in  F ig .5 -2 (a ). An a c c u ra te  ro o t-lo cu s  d iag ram s o f th e  F ig .5 -2 (a ), 
w hich  is show n in F ig .5 -3 , d e m o n s tra te s  th a t  e f fe c t  o f  th e  in p u t re s is ta n c e  
R on th e  ro o t- lo c i  is  very  sm all so th a t  i t  can  be ignored.
2500
20 . s te p = 0 .12000
****** r s = 0 .0 1 (o h m )
I I
ooooo  r s = 0 .5  ( o h m ) ^
1500
1000
500
- 5 0 0
- 1 0 0 0
- 1 5 0 0
-2 0 0 0
- 2 5 0 0 800- 4 0 0 - 2 0 0 0 200 400 600- 6 0 0
Fig. 5 -3  An A ccu ra te  R oot-L ocus D iagram  fo r  C u rre n t-F o rced  schem e
(R ec tif ic a tio n )
V = 339.4V, = 710V, L = 4mH, C = 1250pF, I = 20As m dc s  0
1' T a r : a 0 0 2 T  = 0 .0 0 4
104
The values o f some p a ra m e te rs , such a s  f i l t e r  tim e  c o n s ta n t, in p u t 
inductance , and d.c. cap ac itan ce , a re  se lec ted  fro m  g en e ra l co n s id e ra tio n s . 
As soon as th ese  have been fix ed  th e  p ro p e r  p a ra m e te rs  o f  th e  PI c o n tro lle r  
can  be chosen to  o b ta in  s ta b le  co n tro l. The s ta b le  cond ition  can  be
exam ined  m ore fo rm ally  by using  th e  R o u th -H u rw itz  c r i te r io n , w hich y ie ld s  
ex p re ss io n s  fo r  se lec tin g  th e  p a ra m e te rs  K and  T . o f th e  PI c o n tro lle r , a sp 1
f  o llo w :-
R
K <
T
(5.6a)
K K A 1 +  — ------K K - 4 -p df o p d f  R
T. > 1
R 1 + d f Kp d f
w h ere
A = dcO
sO
X
R ) (
R
V-)T R A TC o o L
X^ =
(5.7a)
L
T he load  "resistan ce", R^, is o f p a r t ic u la r  s ig n ifican ce . The s ta b le
re g io n s  defined  by Eqn.(5 .6a) and (5 .7a) m ay be p re se n te d  g ra p h ic a lly  a g a in s t  
th e  v a r ia b le  R fo r  design purpose .
5 .4 .2  R egenerative  O peration  Mode
5 .4 .2 .1  sm all-s ig n a l model
105
J u s t  a s  in th e  re c tif ic a tio n  mode, th e  pow er ba lan ce  eq u a tio n  in 
re g e n e ra tio n , can be found  a s : -
d l . dE
V I + R I + L I -----  = -  C E  —  + E is  s s  s  s  s I dc dc outd t /  d t
(5.1b)
The sm a ll-s ig n a l p e r tu rb a tio n  equation  re la te d  to  AE , AI and AI is:dc s  o
AE = -  G(s) AI + G (s) AI (5.3b)de s i  o
a  S + a
w h ere  G(s) =------------------- — , G (s)
T Tc  C
L I V + 2 R Is sO sO s sOa =   , a_
C E  ° C EdcO dcO
Also, th e  closed-loop  t r a n s f e r  fu n c tio n  i s : -
AE c s f  + c  Sde 2 1
AI + b S ^  + b S + bo 2 1 0
(5 .4b)
w h ere
df
= -  - T — r  + K ( 3b + - f ^ ------------ '’z -----------^  *  - 4 -  + K ^df c 1 c df
The "open-loop" t r a n s f e r  func tion  can be found, as:
1 0 6
ROOT LOCI FOR CURRENT-FORCED CONTROL SYSTEM600
Kp: 0 — > 2 s lc p = 0 .0 5  
r s = 0 .0 !  (o h m ) 
xxxxx  rs = 0 .0 5  (o h m ) 
ooooo  rs = 0 .5  (o h m )
400
200
-2 0 0
- 4 0 0
-6 0 0- 5 0 0 - 4 0 0 - 3 0 0 - 2 0 0 - 1 0 0 0 100
(a) (b)
F ig .5 -4  R oot-L ocus o f C u rre n t-F o rced  Scheme (R egenera tion ) 
(a) Sketched D iagram  (b) A ccu ra te  D iagram
1 + K a
( S + z )( S + z ) 1 2
( S + p ^ ) (  S -  p^ ) (  S + p^)
(5.5b)
5 .4 .2 .2  s ta b il ity  an a ly sis
In c o n tra s t  to  th e  p o le -ze ro  co n f ig u ra tio n  in re c t if ic a t io n , th e  pole p^ now 
m oves to  th e  r ig h t-h a lf  p lane, c lose  to  th e  o rig in , w hile  z  m oves to  th e  
l e f t - h a l f  p lane b u t s t i l l  f a r  aw ay fro m  th e  o rig in . The rough  sk e tch  o f  th e
ro o t- lo c u s  shown in F ig .5 -4 (a ) d em o n s tra te s  th a t  th e  locus o r ig in a tin g  fro m  
p^ and  p^ b reak s aw ay fro m  th e  re a l  a x is  in th e  r ig h t - h a l f  p lane, and  e n te r s  
th e  l e f t - h a l f  p lane as  th e  gain  In c reases . E ventually , th is  locus w ill
co a le sce  a t  th e  re a l ax is , and th en  converges a s  tw o  neg a tiv e  re a l  po les, one 
ap p ro ach in g  th e  ze ro  z  , and th e  o th e r  ten d in g  to  in f in ity  along th e  n eg a tiv e  
ax is . The o th e r segm ent s t a r t s  fro m  p^ and fin ish es  a t  z^. At f i r s t  s ig h t
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i t  m ight ap p e a r th a t  th e  system  is u n s tab le  when th e  p ro p o rtio n a l g a in  is 
sm all, bu t th e  a c c u ra te  d iag ram  in F ig .5 -4 (b ) show s th a t  no rm ally  th e  locus 
s h i f t s  very ra p id ly  to  th e  le f t  h a lf  p lane a s  th e  gain  in c re a se s , so 
d em o n s tra tin g  th e  la rg e  m arg in  o f s ta b il ity  in p ra c tic e .
L ikew ise, th e  in eq u a litie s  needed fo r  se lec tin g  th e  p a ra m e te rs  o f  th e  PI 
c o n tro lle r  in th is  mode can  be derived  a s : -
K > --------- ?-----  I  l i t -  _ 1 I (5 .6b)
^ K A Tdf  0 C
T. >
R   —  +  K K   A I f -    +    ]
T P r  R A t J  ^ R ^  T tC o C o o L
(5.7b)
5 .4 .3  An Exam ple
To i l lu s t r a te  th e  ap p lica tio n s  o f E qns.(5 .6)~(5 .7), an  exam ple is  given, 
show ing th e  design  o f th e  PI c o n tro lle r  in a  c u r re n t- fo rc e d  sy stem  to  
achieve a  s ta b le  response .
A fte r  th e  c irc u it  p a ra m e te rs  have been se lec ted  [see sec tion  7 .2 .2 ], th e  
E q ns.(5 -6 ) can be p re sen ted  g rap h ica lly  in F ig .5 -5 . In th is
exam ple , E^ = 65V, V = 33.9V, L =4mH, C = 1250pF, K = 1 and  T -  0 .0 0 2dc  s m s d f  d f
[ZHANG, 1992]. The load c u r re n t,  I , is chosen q u ite  a r b i t r a r i ly  to  be 
ab o u t 5A, so m aking R equal to  13Q. The p ro p o rtio n a l ga in  o f  th e  PI
1 0 8
c o n tro lle r  can  be f i r s t  se lec ted  since a ll th e  p a ra m e te rs  in  E qn .5 .7 (a) have 
now been determ ined  by the  pow er system  design. The p o in t A on F ig .5 -5 , 
co rresp o n d in g  to  = 1, is in th e  s tab le  reg ion  fo r  re c t i f ic a t io n  and
re g en e ra tio n ; th e  ran g e  o f gain  fo r  in s tab ility  when re g e n e ra tin g  is  so  
sm all, ju s t  n e a r  th e  o rig in , th a t  is no t i l lu s tra te d  h ere . W ith K
16
U n s ta b le  Region14
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8
6
4
2
Stable Region
0
0 5 10 15 20 25 30 35 40 45 50
LOAD —•—  RO (o h m )  -----
F ig .5 -5  S tab le Region f o r  P ro p o rtio n a l Gain K (R ec tif ic a tio n )p
(a) L = ImH, (b) L = 4mH, (c) L 8mH
determ in ed , th e  g rap h s  o f th e  F ig .5 -6 (a ) and (b) a r e  p lo tte d  in  o rd e r  to  
choose th e  tim e  co n s tan t o f th e  PI co n tro lle r . From  th e se  i t  can  be seen  
th a t  a  choice such a s  re p re se n te d  by po in t B, = 0 .0 0 4 , w ill g ive s ta b le  
re sp o n se  in both  modes. In c o n tra s t,  i f  po in t C, = 0 .0 0 2 , is  se le c te d  
th e  system  w ill be s ta b le  only w hile  re g en e ra tin g . The r e s u l ts  o f
s im u la tio n  o f th e se  tw o se lec tio n s a re  given in F ig .5 -7 . The a v e rag e  load  
c u r re n t  is re v e rsed  a t  tim e 0 .24sec, changing th e  mode o f o p e ra tio n  fro m  
re c t if ic a t io n  to  re g en e ra tio n , and re v e rsed  aga in  a t  0 .32sec , to  r e v e r t  to  
re c t if ic a t io n  fro m  reg en e ra tio n . The u p p er curves on th e  to p  d iag ra m s show  
th e  d .c. link v o ltage w hich, a s  w ould be expected , overshoo ts w hen load is
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s t a b l e  R e g i o n  ___
'-t-
U n a l a b l e  R e g i o n
L O A D  RO ( O h m )
(a)
5
4.5
3.5
3
2.5
2
1.5 (b)|t
0.5
0 15 255 20
F ig .5 -6  S tab le  Region f o r  Tim e 
C onstan t
(a) R ec tif ic a tio n
(b) R eg en era tio n
L O A D  RO ( O h m )
(b)
rem oved and drops when load c u r re n t  is  d raw n  again . The low er cu rv e  on th e  
top  d iag ram s shows th e  am plitude o f th e  c u r re n t  re fe re n c e , th e  o u tp u t o f  th e  
PI co n tro lle r . The f ig u re s  on th e  bo ttom  d iag ram s show  th e  p h ase  v o ltag e  
and a .c . c u r re n t in phase  A. The in s ta b ility  is show n c le a r ly  in
F ig .5 -7 (b ), co rrespond ing  to  po in t C. Also shown in F ig .5 -7 (b ) is  th e
d is to r te d  a .c . c u r re n t a r is in g  fro m  u n stab le  behaviour o f th e  d .c . link  
co n tro l loop.
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(b)(a)
F ig .5 -7  R esu lts  o f S im ulation  
(a) S tab le  Response (b) U nstab le R esponse
Top T races: E and I ; B ottom  T races : v and  idc sA sA
5.5 S ta b le  R e g io n  f o r  V o l ta g e - F o r c e d  S c h e m e
5.5.1 Sm all-Signal Model
The model to  be derived  f o r  th e  v o lta g e - fo rc e d  schem e is  s lig h tly  com p lica ted  
b ecause deriva tion  o f th e  pow er b a lan ce  is  n o t s tra ig h tfo rw a rd  in  th e  ca se  o f 
in d ire c t con tro l o f the  a .c . c u r re n t.  The d -q  model in a  ro ta t in g  re fe re n c e  
f ra m e  discussed  in C hapterZ  w ill p rov ide  an  easy  ro u te  to  d e riv a tio n .
Ill
The sw itched  n a tu re  o f th e  te rm in a l v o ltage is ignored , so allow ing  i t  to  
be rep laced  by i ts  fundam en tal com ponent Vj^f With re fe re n c e  to  sec tio n  
2 .3 .5 , equations re p re sen tin g  th e  dynam ic behaviour o f th e  r e c t i f i e r  th e  
in d ire c t c u r re n t co n tro l a re  give b y :-
d i
L  — + R i - w L i  = V  -  V .  (5.8)s s sd s sq sd Rdl
di
L  Ü  + R i  + w L i  = V  - V „  (5 .9)S s sq s sd sq Rql
dE
C „ i + _ i -  E i  ^ (5.10)dc Rdl s d Rql  sq dc o u t
T he d -a x is  is aligned w ith  th e  supply v o ltag e  v ec to r, so th e r e f o re : -
Vsq = 0  %
i  (5.11)
V = V Jsd s
In considering  F ig .4 -2 (b ) and Eqns.(4.15) and (4.16), th e  re q u ired  in th e
re c tify in g  mode can  be ca lc u la ted  fro m  th e  eq u a tio n :-
V* .  = V -  R r  )
'  S 3 I (5.12)
« * yV „ = -  w L IRqf s s
w h ere  I = /  —^  I2 sm
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C onsidering  and , and s u b s titu tin g  (5.11) and  (5.12)
in (5 .8). (5.9) and (5.10) yield
d i sd
d t
d i
d t
+ R i  - w L i  = R Is sd s sq s s
+ R i  + w L i  = 6 ) L Is sq s sd s s
(5.13)
dE
C E dcdc d t
( V - R  I ) i -  w L I i  - E is s s  s d  s s s q  dc o u t (5.14)
A sm all-s ig n a l p e r tu rb a tio n  is th en  applied  about th e  s te a d y - s ta te  o p e ra tin g  
p o in t:-
i = I  + A i ,  i = I  + A isd sd sd sq sq sq
I* = I* + AI , E^ = E _  + AE , i = I + Ais sO s dc dcO dc o u t  0 O
N oting  fu r th e r  th a t  in th e  s tead y  s ta te ,  I = I and 1 = 0 ,  and  re p la c in gsd sO sq
d / d t  w ith  S, th e  follow ing is o b ta in ed : -
R + S L
wL
-wL
R + S L
Aisd
Aisq
R
WL
AI (5.15)
C E
AE =dc
dc C E Ai _
( s  + - ! -  )T c
dcO
( S + )
C
(5.16)
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The inpu t c u r re n t  Ai and Ai , as  a  fu n c tio n  o f I , can  be deduced bysd sq s
so lving E qn.(5 .15):-
S + —— +T !
Aisd = AI (5.17)
Ai = sq
W ( S + - ^  )^ +
AI (5.18)
w h ere
T =
L
R
T he re la tio n sh ip  betw een  th e  v a ria b le s  AE , AI and AI can  be f u r th e rdc s o
developed by su b s titu tin g  Eqns.(5.17) and  (5.18) in to  (5.16), a s  fo llo w s :-
AE = G(s) AI -  G (s) AIde s I < (5.19)
w h ere
G(s) =
d S + d S + d 2  1 0
( S +
Gj (s)
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d — !___________ 1 : ^ , '
C E  ^ C A T c e t ® c ede o s  d c O s  dcO
sO
T his lead s to  th e  "open-loop" t r a n s f e r  fu n c tio n  fo r  ro o t- lo c u s  an a ly s is  
fo llo w in g :-
K K d ( S + z ) ( S + z ) ( S  + z )j ^ P d f  2_____________________ 1____________2____________3 _
T^^ (S + p ^ ) ( S  + p^) ( S  + p^) (S  + p^)(S + p^)
(5 .20)
w h e re
Pi “ Pz = P3 = ’ P4 = -  j “ Ps = - T  "■ J“C df  s s
1 d dz  = — z and z a re  th e  so lu tio n s  o f S + — -  S + — -  = 0
'  ^  d d2  2
5 .5 .2  S tab ility  A nalysis
I t  no ticed  fro m  Eqns.(5.17) and (5.18) th a t  bo th  th e  c u r re n t  Ai and Aisd sq
a re  dam ped o sc illa to ry  fu n c tio n s  w ith  a  tim e c o n s ta n t t  . If  x  is  v e ry
S s
la rg e  (correspond ing  to  low re s is ta n c e  on th e  ac  side), d u ra tio n  o f 
o sc illa tio n s  w ill be in creased . T h is  ex p la in s  why th e  s ta b i l i ty  o f th e
v o lta g e -fo rc e d  schem e re lie s  on th e  p resen ce  o f inpu t re s is ta n c e  [GREEN 
1988].
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Rough sketches o f ro o t- lo c i w ith  d if fe re n t  values o f  th e  tim e c o n s ta n t a r e  
show n in F ig .5 -8 , It can  be seen th a t  even w ith  a  la rg e  tim e c o n s ta n t T^, 
a s  in F ig .5 -8 (c), as  th e  gain  in c re ases  th e  ro o t loci s ta r t in g  fro m  a
co n ju g a te  p a ir  o f poles, p^ and p^, soon c ro sse s  th e  im ag in ary  a x is  and  th e  
sy s tem  becomes u n stab le . To achieve a  w id er reg io n  o f s ta b i l i ty  i t  is 
re q u ire d  th a t  th e  com plex pole p a ir , p^ and p^, should lie  su ff ic ie n tly  f a r
to  th e  le f t  o f th e  im ag inary  ax is . However, th e  re a l  p a r t  o f th e  co n ju g a te
p a ir  o f  poles is  a sso c ia ted  w ith  th e  q u ality  fa c to r  Q o f th e  in d u c to rs . To
m ove i t  to  th e  le f t  re q u ire s  an  in c rease  th e  a .c . r e s is ta n c e  and hence th e
q u a lity  fa c to r  o f th e  in d u c to rs  is  reduced . T his is  u n d esirab le , how ever,
a s  th e  effic ien cy  and th e  pow er f a c to r  o f th e  device w ill be reduced . Even 
w ith  a  la rg e  a .c  re s is ta n c e  (r  = 0 .5 0  f o r  L = 4mH), th e  a c c u ra te  ro o t- lo c u s  
d iag ram  in Fig. 5 -9  show s th a t  th e  s tab le  reg io n  is s t i l l  r e s tr ic te d .
5 .5 .3  Dynamic Com pensation
The m a jo r reaso n  why th e  v o lta g e - f  o rced  schem e is le ss  s ta b le  th a n  th e  
c u r re n t- f o rc e d  is  th a t  th e  c a lcu la tio n s  o f  th e  re q u ired  te rm in a l v o ltag es  
have to  be based  on th e  s tead y  s ta te  d iag ram , because th e  in s ta n ta n e o u s  a .c  
c u r re n ts  a re  no t m onitored . T his d i f fe r s  fro m  th e  p red ic tiv e  c u r re n t- f o rc e d  
schem e d iscussed  in sec tio n  3 .5 .
T ak ing  account o f th e  t r a n s ie n t  s i tu a tio n  in c a lcu la tio n s  can  im prove 
s ta b i l i ty  o f th e  v o ltag e -fo rce d  system . In considering  E qn .(2 .30 ) w hich
d esc rib e s  th e  tra n s ie n t  resp o n se  o f th e  r e c t i f i e r  in th e  d -q  f ra m e , i f  th e  
d is c re te - t im e  n a tu re  is  neg lec ted , th e  fu n d am en ta l value o f th e  te rm in a l 
v o ltag es  should s a t is fy :-
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LR.
(a) (b)
F ig .5 -8  Sketches o f R oot-L oci o f  
th e  V o ltag e-F o rced  Schem e
(a) when 1/T  »  1/ti c
(b) small 1/T  but 1/T  > 1/tI i c
(c) small 1/T  but 1/T  < 1/ti I c
(c)
di sdV „ = - R i  + v  + wL i - L ---------Rdl s sd sd s  s q  s
d i
V _ = -  R i + V -  wL i -  L  —Rql s sq sq s sd s
T h e re fo re , by assum ing i = I , i = 0 , v = V and v = 0 .  Eqn.(5.12)sd s sq sd s sq
becom es:-
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ROOT LOCI FOR VOLTAGE-FORCED CONTROL SYSTEM000
Kp: 0 — > 20 s tcp = O .I 
r s = 0 .0 1 (o h m ) 
X X X K X  rs= 0 .0 5 (o h m ) 
ooo o o  r s = 0 .5 (o h m )
600
400
200
-2 0 0
- 6 0 0
- 8 0 0
-8 0 0 - 6 0 0 - 4 0 0 -2 0 0 0 200 400 600
F ig .5 -9  An A ccurate  R oot-L ocus D iagram  f o r  V o ltag e-F o rced  schem e 
(R ec tifica tio n )
V = 339.4V, E = 710V, L =4mH, C = IZSOfiF, I = 20A,sm dc s 0
K = 1, T = 0 .0 0 2 , T = 0 .4df df I
d l
V = V -  R I -  LRdf  s s  s  Î d t (5.21)
V = -  w L IRqf s s
C orrespondingly , Eqns.(5.13) and (5.14) become:-
L —^  + R i  - u L i  = R I + L -----s s  sd s  sq 8 s sdt
di
dt
sq
dt
+ R i  + w L i = w L Is  sq s sd s s
(5 .22)
dE  ,  d l
C E -------   = (V -  R I -  L -----   ) i -  0) L I i - E i (5 .23)d o ,  s  s s  s . .  s d  s s s q  dc o u td t  d t
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Applying a sm all p e r tu rb a tio n  and using Laplace tra n s fo rm a tio n  a s  b e fo re  
y ield
- *
R + S L -wL Ai (R + S L )s s s sd
I3Î
s s
wL R + S L Ai o)Ls s s sq s
■ . .
AI
(5 .24 )
rV -  R I R + S L
AE =dc
C I I C E
T  ûi  --------------   Ai1 \ sd  / „  1 , s q( s  + ^  )
C
( S + —  ) ( S + —  )
C
(5.25)
Solving Eqn.(5.24) g iv es :-
Ai = A1sd Î (5 .26)
Ai = 0sq
and , su b s titu tio n  o f (5.26) in (5.25) y ie ld s ;-
AE^ = G(s) A1 -  G (s) AIdc s i c
w h e re
(5.27)
G(s)
a  S + a  1 0
S + -----
Gj ( s )
S +
a = 1
L Is sO V -  2  R IsO s sO
C EdcO C Ed c 0
T his is  th e  sam e equation  a s  E qn.(5 .3a). T hus, i t  h as  been proved  th a t
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a f t e r  adding th e  item  L d l / d t  in to  th e  ca lcu la tio n s , th e  v o lta g e - fo rc e d  
schem e has th e  sam e t r a n s f e r  fu n c tio n  a s  th e  c u r re n t- fo rc e d , and  th en  h as  th e  
sam e reg ion  o f s ta b ility .
An a l te rn a t iv e  ex p lan a tio n  fo r  dynam ic com pensation is  as  fo llo w s :-  In th e
c u r re n t- f o rc e d  schem e, both  in th e  tra n s ie n t  and in th e  s te ad y  s ta te ,  th e
in p u t c u r re n t  is f  o rced  to  t ra c k  th e  r e f  erence w hich is g e n e ra te d  by
m u ltip ly ing  to g e th e r  th e  in -p h ase  tem p la te  and a  " req u ired  am plitude" s ig n a l. 
T h is  en su res  th a t  th e  q -a x is  com ponent Ai^^ equals  ze ro  and  th e  d -a x is  
com ponent Ai equals th e  re fe re n c e  AI in both s ta te s .  F or v o lta g e - fo rc e ds d s
schem e i t  is th e  r e c t i f ie r  te rm in a l vo ltages th a t  fo rc e  th e  in p u t c u r re n ts  to  
have th e  re q u ired  am plitude and to  be aligned w ith  th e  m ains v o ltag es . I f  
th e  t r a n s ie n t  change L d l / d t  is considered  in ca lcu la tio n  o f th e  te rm in a ls s
v o ltag es . Ai w ill be e lim inated  and  Ai w ill be fo rced  to  be eq u a l to  AIsq sd s
th ro u g h o u t th e  tr a n s ie n t  period , re su ltin g  in th e  sam e e f f e c t  a s  in  th e  
c u r re n t- f o rc e d  case.
5 .5 .4  An Exam ple
In th is  exam ple, tw o  d if fe re n t  t r a n s ie n t  resp o n ses w ill be d e m o n s tra te d .
One is  w ith o u t dynam ic com pensation  and th u s  has u n s tab le  re sp o n se ; th e  o th e r  
is  w ith  com pensation , w hich re s u lts  in s tab le  response.
D ig ita l im plem entation  o f th e  v o ltag e -fo rce d  schem e is w ell s im u la ted  by ACSL
(Advanced C ontinuous S im ulation Language). The d if fe re n tia l  te rm  L d l / d t
S S
is  re p la ced  by a  d iffe ren c e  eq u a tio n :-
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L
I (n) -  I (n -1 )
T
w h e re  n re p re se n t n - th  sam pling period  and T is a  sam pling  perio d .
The c irc u it p a ra m e te rs  and th e  load  change stu d ied  is th a t  used  in 
F ig .5 .7 (a). F ig .5-10(a) show s th e  re sp o n se  o f th e  d .c . link v o ltag e  w ith o u t
com pensation , w here th e  in s ta b ility  is  c le a rly  seen. In c o n tr a s t ,  th e
re sp o n se  w ith  com pensation is shown in F ig .5-10(b), w h e re  s ta b le  re sp o n se  is  
achieved.
,00 0.
V
'0 .00  0.02 O.Oi 01.06 0.08 0.10 0.12 0.11 0. IB O.IB 0.20
(a) (b)
F ig .5-10 Response o f th e  D.C. Link V oltage Using V o ltag e-F o rced  Schem e
(a) W ithout C om pensation (b) With C om pensation
5 .6  T r a n s i e n t  R e s p o n s e  o f  D .C. L in k  V o lta g e
5.6.1 T ra n s ie n t Response w ith  PI C o n tro lle r
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T he q u a lity  o f th e  co n tro l sy stem  is  judged  by th e  c r i t e r i a  o f  s ta b il i ty ,  
re sp o n se  tim e (o r bandw id th ), and  s te a d y - s ta te  e r ro r .  A sm a ll-s ig n a l m odel 
is  e f fe c tiv e  in an a ly s is  o f s ta b i l i ty  o f th e  co n tro l system , b u t n o t in
a n a ly s is  o f th e  t r a n s ie n t  behav iour. A nalysis o f th e  t r a n s ie n t  re sp o n se  o f
th e  r e c t i f i e r  co n tro l sy stem  seem s d if f ic u l t  because o f i ts  n o n lin ea r and 
d is c re te  n a tu re .
F o r a  com plete  t r a n s ie n t  s tu d y  o f th e  co n tro l system , a  g e n e ra l s e t  o f
e q u a tio n s , Eqn. (2 .9) and (2.11), w hich a re  valid  in d esc rib in g  th e  behav iou r 
o f  th e  r e c t i f ie r  un d er both  t r a n s ie n t  and  s te a d y - s ta te  cond itions, w as so lved  
in  con junction  w ith  eq u a tio n s re p re s e n tin g  th e  co n tro l system . A num ber o f  
s im u la tio n s  w ith  th e  d if f e re n t  p a ra m e te rs  o f th e  PI c o n tro lle r  w e re  ex ecu ted  
in  o rd e r  to  choose th e  p ro p e r com bination  o f th e  p a ra m e te rs  a n d /o r  to  give an  
em p irica l ‘s h o r t  c u t ' in p ra c tic e . The re s u lts  p re sen ted  in T able5-1  and  
T ab le 5 -2  r e f e r  to  a  sy stem  w ith  th e  t e s t  load c u r re n t  I = ±14A (av erag e), 
re v e rs in g  a t  t  and t  a s  show n in Fig.5-11. O ther p a ra m e te rs  a r e  a sz l  z2
fo llo w s :-
Input V oltage (L in e-to -L in e) 
Input Inductance L 
D.C. Link V oltage Edc
D .c . C apac itance  C
415V (r,m ,s.)
4mH
710V
1250pF
C rossover F requency  o f
D.C. V oltage F il te r  : 80Hz
T he o vershoo t and droop  (v a ria tio n s), and , as  w ell a s  th e
co rresp o n d in g  re g u la tio n  tim e (se ttlin g  tim e  ) t^ and t^, under th e  t e s t  load
a re  a lso  sp ec if ied  in Fig.5-11.
1 2 2
X l O O
de
dc X I O O
dc
dc
R ec U fica lio n R e c tif ic a tio n
Fig.5-11 W aveform  o f th e  A verage Load C u rre n t fo r  T estin g  th e  T ra n s ie n t 
P erfo rm an ce  and S pecifica tio n  o f th e  C orresponding  V a ria tio n  
o f th e  D.C. Link Voltage
I t  is  n o t su rp ris in g  th a t  th e  v a ria tio n s  o f th e  d .c. link v o ltage a r e  h a rd ly  
changed  a s  th e  in te g ra l  p a r t  T  ^ o f th e  PI c o n tro lle r  v a r ie s , b u t th e  value  o f 
T  ^ a f f e c ts  th e  shape o f d .c. link vo ltage, th u s  influencing  th e  re g u la tio n  
tim e . With a  la rg e  T^ th e  overdam ped w aveform  o f th e  d .c. link  v o ltag e  is  
observed , as  an  exam ple shown in  Fig. 5-12. D ecreasing  T^ can  r e s u l t  in  an
underdam ped re sp o n se  and, eventually  lead  to  in s tab ility . T he c r i t ic a l
value  o f T^ in  th is  p a r t ic u la r  case  is  0 .0 0 3 . By in creasin g  K th e  d .c .p
v o ltag e  v a r ia tio n s  can  be reduced , provided  th a t  th e  com bination  o f  th e  
p a ra m e te rs  is s t i l l  w ith in  th e  s ta b il ity  reg ion  specified  by E qns.(5 .6 ) and  
(5.7).
T h e re fo re , th e  design  p rocedure  can be suggested  a s : -  (i) K is  f i r s tp
se lec ted  to  be w ith in  th e  s ta b le  reg ion  bu t la rg e  enough in  o rd e r  to  
e lim in a te  th e  vo ltage v aria tio n s  (using Eqn. (5 .6)); (ii) a re la tiv e ly  la rg e r
1 2 3
O' /rr.
,  ( 1 / 0 )
I 2 0 . 2 0  . 5 1 . 0 1 . 5 3 . 0
0 .  0 0 2 « * * * u n s t a b l e
0 .  0 0 3 9 . 8 5 y 6 . 9 2 y 7 . 5 3
5 . 2 2 /
' 5 . 4 7
* u n s t a b l e
T
0 .  0 0 4 1 0 .  2 y u . .
7  . 1 9 y
7 . 8 0
5 . 2 8 /
' 5 . 6 6
4 . 5 2  /
' 4 . 7 4
3 . 6 4  /
'  3 . 4 7
1
:e c . ) 0 .  0 0 6
1 0 . By
1 2 . 5
7 . 7 5 y
8 . 1 6
5 . 5 5 /
' 5 . 8 8
4 . 6 0  /
' 4 . 8 0
3 . 5 3  /
' 3 . 4 8
0 .  0 0 8 1 1 . l y 1 2 . 9
7 . 6 8 y
8 . 3 5
5 . 6 0 /
' 5 . 9 7
4 . 6 2  /
' 4 . 9 0
3 . 4 3  /
'  3 . 4 8
0 .  0 1 0 1 1 . 4 y 1 3 . 2
7 . 7 9 y
8 . 4 3
5 . 6 5 /
^  b . O b
4 . 6 6 /
' 4 . 9 9
3 . 6 3  /
' 3 . 4 9
* : O s c i l l a t o r y T a b le  5 - 1  O v e rs h o o ts  cr and  <r1 2
t  / t  (m s) 1 2
K p  ( 1 / 0 )
0 .  2 0 . 5 1 . 0 I . 5 3 . 9
»ec. )
0 . 0 0 2 * * * * u n s t a b i e
0 . 0 0 3 3 5  /'  55
* u n s t a b l e
0  . 0 0 4 4 8  /'  5 5
3 0  /
'  4 3 “ A o
1 8 /
'  3 3
0 . 0 0 6 4 0 /'  4 0
2 0 /
'  2 8 ‘ V . 0 ‘ V . o ' % 8
0 . 0 0 8 38  / ' 3 3
2 5 /
'  3 0
0 . 0 1 0 5 0  /'  3 8
3 0  /
'  45 " A , "  / Z B ‘V z s
O s c i l l a t o r y  T ab le  5 - 2  R e g u la t io n  T im es t^ and  t^
T  can  be se lec ted  to  en su re  th e  com bination o f K and T to  be w ith in  th e  I p I
s ta b le  reg ion  (using Eqn. (5 .7)); (iii) th e  t ra n s ie n t  re sp o n se  o f  th e  d .c . 
link  vo ltage can  be ea s ily  o b ta ined  by sim ulation , w ith  th e se  p re -s e le c te d  
p a ra m e te rs  and th e  sp ec ified  load condition; (iv) if  th e  t ra n s ie n t  re sp o n se  
is  n o t s a tis f ie d  by only reducing  T^, K should be m odified  and r e p e a t  (i),
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F ig .5-12 T ra n s ie n t R esponse o f th e  D.C. Link V oltage U nder th e  Change o f th e  
Load C u rre n t Specified  in Fig. 5-1 (I^= ±14 A)
K =p 1. T  = 0 .0 0 2
= 0 .2 ,  T = 0 .0 0 4p 1 K =p 1, T  = 0 .0 0 4 K = 3 , T  = 0 .0 0 4p 1
K =p 1. T  = 0 ,0 1
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(ii) and (iii) u n til a s a t is fa c to ry  re sp o n se  is o b ta in ed . In ad d itio n , tw o  
o th e r  w ell-know n em pirical ‘sh o r t  c u t’ m ethods, th e  re a c tio n  cu rve m ethod and  
th e  continuous cycling m ethod, w hich a re  in ad eq u a te  in som e c irc u m sta n ces  b u t 
a r e  o f te n  well w o rth  try in g , can be found in a  re fe re n c e  book [BORRIE 1986].
5 .6 .2  T ran s ien t Response w ith  Load In fo rm atio n  In jec tio n
T he p rin c ip a l advan tage o f in jec tio n  o f load in fo rm a tio n  is to  im prove th e  
t r a n s ie n t  response o f th e  d .c. link vo ltage , w hich is  re s tr a in e d  by s ta b il i ty  
co nd itions, and u ltim ate ly  to  reduce th e  d .c . cap ac itan ce . T his e f f e c t  can  
a lso  be d em o n stra ted  by m eans o f s im u la tion . The PI c o n tro lle r  w ith  K =1p
an d  T^ = 0 .0 0 4  is used in every  ca se  w h ere  th e  ca p ac itan c e  is changed. So, 
th e  f lu c tu a tio n  in d .c. link  v o ltag e  in c re a se s  a s  th e  th e  cap ac itan c e  is  
d ec rea sed . The load c u r re n t  and o th e r  p a ra m e te rs  a r e  th e  sam e as  th o se  in 
th e  p rev ious sec tion . The g re a t  red u c tio n  o f th e  f lu c tu a tio n  in th e  d .c . 
link  vo ltage is shown fro m  th e  r e s u l ts  in F ig .5-13. A lte rn a tiv e ly , th e
cap ac itan c e  can be g re a tly  reduced  f o r  th e  sam e a llow ab le  vo ltage f lu c tu a tio n  
i f  load in jec tio n  is applied. Some ex p e rim en ta l r e s u lts  w ill be show n in 
C h ap te r 7 to  d em o n stra te  f u r th e r  th e  e f fe c t  o f th e  load in jec tio n .
5 .7  S u m m a ry
In o rd e r  to  sim plify  th e  stu d y  o f s ta b i l ity  o f th e  co n tro l system , in  bo th  
c u r r e n t  fo rced  and voltage fo rced  schem es, th e  t im e -d is c re te  n a tu re  o f th e  
w av efo rm s h as  been neglected . T his h as  allow ed continuous sm a ll-s ig n a l 
m odels to  be derived. Based on them , th e  cond itions f  o r  se lec tin g  th e  
p a ra m e te rs  o f th e  PI co n tro lle r  to  achieve s ta b il ity  a re  provided.
1 2 6
F u r th e r  s tu d ies  o f s ta b il ity  have led to  th e  conclusion  t h a t  th e
v o lta g e - f  o rced  schem e is less s ta b le  th a n  th e  c u r r e n t - f  o rced  schem e. 
Dynamic com pensation is req u ired  to  achieve a  w ider s ta b le  reg io n  f o r  th e  
v o lta g e -fo rc e d  schem e, and can lead  to  s im ila r  p e rfo rm an ce  fo r  b o th  schem es.
A nother im p o rtan t conclusion m ade fro m  th e  an a ly sis  o f  s ta b i l i ty  is  t h a t  th e  
c o n tro l system  has a  w ider s ta b le  reg io n  in re g e n e ra tiv e  m ode th a n  in 
re c tify in g  mode, w hich im plies th a t  a s  f a r  a s  th e  s ta b i l i ty  is co n cern ed  only 
th e  re c tify in g  mode needs to  be co n sid ered  when designing th e  PI c o n tro lle r .
T ra n s ie n t response  o f th e  d.c. link v o ltag e  can  be ea s ily  an a ly sed  by m eans
o f  sim ula tion . A t r ia l - a n d - e r r o r  p ro ced u re  h as  been su g g ested  f o r  se le c tin g  
su ita b le  values o f th e  PI co n tro lle r . I t  h as  a lso  been d em o n s tra te d  in  th is  
c h a p te r  th a t  a  b e t te r  response is ach ievab le  by in jec tin g  load  in fo rm a tio n  
d ire c tly  in to  th e  co n tro l loop in  o rd e r  to  overcom e th e  p ro b lem  o f  th e
slugg ish  resp o n se  due to  c o n s tra in t  o f  s ta b ility . A lte rn a tiv e ly  f u r th e r
red u c tio n  o f th e  d .c, link ca p ac itan ce  is  m ade possib le .
a ,  (%) a  (%)
12
10
0 600 1000 1500 2000 2600Capacitances CiflF)
PI C o n tr o l le r  O n ly  L o a d  In t. I n je c tio n
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■ PI C o n tr o l le r  O n ly  L o a d  In f. I n je c t io n
Fig.5-13 V aria tions o f th e  D.C. Link V oltage, and cr^
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Ch a p t e r  6  A Co n tr o l  S chem e  Using  Th eo r y  o f  
Va r ia b l e  S t r u c t u r e  S y s t e m s
6.1 I n t r o d u c t i o n
V ariab le  s t ru c tu re  co n tro l w ith  a  slid ing  mode w as f i r s t  d esc rib ed  by 
R ussian  au th o rs , n o tab ly  EmeLyanov and U tkin [EMEL’YANOV 1964, UTKIN 1971, 
1972]. In re c e n t y e a rs  th e  su b je c t h as  a t t r a c te d  th e  a t te n t io n  o f  num erous 
re s e a rc h e rs  because o f i ts  ex ce llen t in v arian ce  p ro p e rtie s . T h e re  h as  been 
a  w ide in te re s t  in ap p lica tio n  o f  s lid ing  mode co n tro l th e o ry  in  p ow er 
e lec tro n ic s , such  as  in d rive sy stem s [BOSE 1985, SABANOVIC 1981, SICARD 
1989, LIM 19911, d c-d c  co n v e rte r [VENKATARAMANAN 1985, HUANG 1989] and  d c -a c  
co n v e rte r  co n tro l [CARPITA 1988] .
The co n tro l sy stem s p re sen ted  in p rev ious c h a p te rs  co n s is t o f  tw o  s ta g e s , a s  
show n in Fig. 1-10. The in n er loop is  th e  a .c . c u r re n t  co n tro l w h e re a s  th e  
o u te r  loop co n tro ls  th e  d .c. link voltage. As in m ost conven tiona l
tw o -lo o p  co n tro l system s, th e  speed o f th e  in n er loop is u su a lly  f a s t e r  th a n  
th e  o u te r  loop. T his allow s us to  ana lyse  th e  tw o s ta g e s  independen tly . 
The sy n th es is  o f th e  w hole system  can  be broken down in to  tw o  s te p s : -  f i r s t  
in n er loop can  be sy n th es ized - e .g . in  a  c u r re n t- fo rc e d  schem e one o f th e  
tra c k in g  tech n iq u es is chosen and im plem ented to  en su re  th a t  th e  a c tu a l 
c u r re n ts  fo llow  th e  re fe re n c e , a s  d iscussed  in C h ap te rs ; and th en  sy n th es is  
o f  th e  o u te r  loop can  be u n d ertak en , a s  desc ribed  in C h ap te r 5. However, 
even i f  th e  a .c . c u r re n t  loop can  be p e r fe c tly  syn thesized , i t  can  be seen  
fro m  C h ap te r 5 th a t  d iff ic u lty  in d ea lin g  w ith  th e  d .c  vo ltag e  c o n tro l loop 
w ill a r is e  because  o f th e  n o n lin ear c h a ra c te r is t ic .  The sm all s ig n a l m odel
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is very  e ffec tiv e  f o r  an a lysing  th e  s ta b il ity  o f th e  d .c . v o ltag e  c o n tro l 
loop, bu t th e  an a ly tica l so lu tio n  to  th e  t ra n s ie n t  behav iour is im possib le  
to  determ in e . F or th is  re aso n , th e  study  o f t r a n s ie n ts  w as b ased  on
s im u la tio n s  and th e  design o f co n tro l sy stem  is s t i l l  e s se n tia lly  em p irica l.
T he th eo ry  o f v a riab le  s t ru c tu re  sy s tem s can  be app lied  to  pow er e le c tro n ic
sy s tem s, to  y ield  an a l te rn a tiv e  novel co n tro l schem e, known as  s lid in g  mode 
c o n tro l. The p rin c ip a l ad v an tag e  o f slid ing  mode co n tro l is  th a t  th e  
re sp o n se  o f th e  system  is  in sen s itiv e  to  i ts  p a ra m e te rs  and  load
d is tu rb an ce . In slid ing  m ode co n tro l, th e  ‘re fe re n c e  m odel’ o r  a
p re d e fin ed  t r a je c to ry  in  phase  p lane  (o r su p e r s u r f  ace) is  p re -d es ig n ed  and  
th e  system  is fo rced  to  fo llow  o r ‘s l id e ’ along th e  ‘re fe re n c e  m odel’ o r  th e  
t r a je c to r y  by using  a  su itab le  sw itch in g  co n tro l a lg o rith m , ir re s p e c tiv e  o f
sy s tem  p a ra m e te rs . H y ste resis  com parison  co n tro l in  c u r re n t- f o rc e d  schem es 
is  a  good exam ple o f slid ing  mode c o n tro l o f th e  a .c . c u r re n t,  w h e re  th e  
‘p re d e fin e d ’ t r a je c to ry  is th e  c u r re n t  re fe re n c e  w aveform . H ow ever, in 
t h a t  schem e, th e  ‘p red e fin ed ’ t r a je c to r y  h as  to  be v aried  th ro u g h  th e
conven tional re g u la tio n  w ith  th e  PI c o n tro lle r  o f th e  d .c . link v o ltag e  in 
o rd e r  to  re g u la te  th e  pow er flow .
I t  is  possib le , how ever, to  design  a  p red e fin ed  t r a je c to r y  w hich o b ta in s  n o t 
only in fo rm a tio n  o f a .c  c u r re n ts  b u t a lso  th a t  o f  th e  d .c . v o ltag e  in o rd e r  
to  co n tro l bo th  q u a n titie s  using  only one s tag e . The t r a n s ie n t  b eh av io u r
o f such a system  is  de term ined  by th is  t r a je c to ry ,  so long a s  a  s u ita b le
sw itch in g  a lg o rith m  can be applied  to  fo rc e  th e  system  to  s lid e  along  it. 
The in ten siv e  in v estig a tio n  o f th eo ry  o f v a r iab le  s t ru c tu re  sy stem s is  n o t a
pu rp o se  o f th is  th e s is , b u t some fu n d am en ta l concept w ill be used  and  a
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p re lim in a ry  study  o f co n tro l schem e using  th is  th eo ry  w ill be re p o r te d , 
6-2 R ev iew  o f  V a r ia b le  S t r u c tu r e  S y s te m  T h e o ry
6.2.1 V ariab le S tru c tu re  System s
As evidenced by th e ir  nam es, v a r ia b le  s t ru c tu re  system s d i f f e r  f ro m  
tra d it io n a l  au to m a tic  co n tro l sy stem s in th a t  th e ir  s t ru c tu re s  change d u rin g  
th e  tr a n s ie n t  p ro cess . T his change o f s tru c tu re  is  usually  in ten tio n a l
even though th e  o rig in a l sy stem s have a  s ta t io n a ry  s tru c tu re ,  w hich can  be 
d esc rib ed  by con tinuous d if fe re n tia l  equations. The d e lib e ra te
in tro d u c tio n  o f v a r ia b le  s t ru c tu re ,  in acco rd an ce  w ith  some p red esig n ed  
a lg o rith m  o r law  o f s t ru c tu ra l  change, opens up m any p o ss ib ilit ie s  f o r  
overcom ing th e  in h e re n t p rob lem s o f th e  o rig in a l system , such a s  n o n - lin e a r  
c h a ra c te r is t ic s ,  v a r ia b le  p a ra m e te rs  and load d is tu rb an ce  e f f e c ts  [UTKIN 
1972, 1977, 1978, ZINOBER 1990].
T he th eo ry  o f v a ria b le  s t ru c tu re  sy stem s can a lso  be used to  d ea l w ith  
d iscon tinuous sy stem s w hich a r e  d esc rib ed  fundam en ta lly  by d iscon tinuous 
d if fe re n t ia l  eq u a tio n s  [UTKIN 1972]. S w itching co n v e rte rs  can be re g a rd e d  
in  th is  way. Change o f th e  s t ru c tu re  is  accom plished by th e  p ro p e r choice o f 
sequence and tim e  d u ra tio n  o f  OFF and  ON s ta te s  o f th e  pow er sw itch es; hence 
th e  d if fe re n tia l  eq u a tio n s d esc rib in g  th e  behaviour o f th e  c o n v e r te r  a r e  
changed , as  can  be seen fro m  eq u a tio n s like Eqn. (2.11) and  (2.13). 
A pplication  o f th e  th eo ry  o f v a r ia b le - s tru c tu re  system s and d e lib e ra te  
in tro d u c tio n  o f s lid in g  m odes m ake th e  re a liz a tio n  o f r a th e r  s im ple and  y e t 
q u ite  e f f ic ie n t co n tro l schem es f o r  v a rio u s  types o f co n v e rte rs  possib le .
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A v ariab le  s t ru c tu re  system  is  assum ed to  co n s is t o f  sev e ra l con tinuous 
subsystem s, h en ce fo rth  re fe r r e d  to  a s  s t ru c tu re s ;  each  o f  th e se  s t ru c tu r e s  
m ay be unaccep tab le  from  th e  po in t o f view  o f th e  q u a lity  o f  th e  c o n tro l 
p ro cess , -  by, fo r  exam ple, being u n s tab le . The p u rp o se  o f  th e  c o n tro lle r  
is  to  se lec t a  p ro p e r sw itch ing  a lg o rith m  betw een  th e se  s t r u c tu r e s  such  th a t  
u se fu l p ro p e rtie s  o f th e  s t ru c tu re s  a r e  p re se rv ed , and, in som e ca se s , new  
p ro p e r tie s  a re  obtained .
+  1
- 1
Fig. 6-1 V ariab le  S tru c tu re  C ontro l o f  a  T ypical Second O rd e r System
6 .2 .2  An Exam ple o f Sliding Mode in V ariab le  S tru c tu re  System s
To u n d ers tan d  th e  basic  p rin c ip les  o f  s lid in g  mode co n tro l, i t  is  u se fu l to  
c ite  a  ty p ica l exam ple w hose block d iag ram  is  show n in F ig .6-1 [BOSE 1985]. 
The p la n t is  a  sim ple second o rd e r  sy stem  w h ere  th e  g a in  K m ay v ary . The 
system  has tw o s tru c tu re s , one being a  n eg a tiv e  feedback  s t r u c tu r e  w hen an  
ideal sw itch  is  tu rn ed  to  po in t A, and  th e  o th e r  a  p o s itiv e  feed b ack  
s t ru c tu re  when th e  sw itch  is  sw itch ed  to  p o in t B. Each o f th e  s t r u c tu r e s  
is  d esc rib ed  by i ts  s ta te  space eq u a tio n :-
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and
d x ]
d t
d x
=  X
= -  K X
(ne g a t iv e  f eedback)
d t
d x 1
d t
d x
=  X
= + K X
( p o s i t i v e  f eedback)
d t
(6-1)
(6-2)
w h ere  x^ = R -  R is  th e  e r r o r  s ignal.
T he g en e ra l so lu tio n s  o f Eqn. (6-1) and (6-2) s a t is fy  th e  fo llo w in g
re la tio n s :  -
* 1  = 2—— + ---------- = 1 (negative  feedback)
K PT
(6 -3 )
T h is can  be p lo tte d  a s  a  s e t  o f  e llip se s  in th e  phase p lane, a s  show n in 
F ig .6 -2 (a );
F o r p o sitiv e  feed b ack :-
= 1 (positive  feedback) (6 -4 )
4B B 4KB B 1 2  1 2
T his can  be p lo tte d  a s  a  s e t  o f h y p erb o las  in th e  phase p lane. Both o f th e  
s t ru c tu re s ,  a s  shown, a r e  u n s tab le . However, by sw itch in g  th e s e  tw o
1 3 2
(a) (b)
Fig. 6 -2  P hase  P lane P o r t r a i t  o f a  Second O rder System  f o r  
P ositive  and  N egative Feedback
s tru c tu re s  acco rd ing  to  a  su ita b le  law , th e  re sp o n se  o f th e  r e s u l ta n t  
v a r ia b le  s t ru c tu re  system  can  th e o re tic a lly  be co n s tra in e d  to  a  sp ec if ied  
c h a ra c te r is t ic .  Assume th a t  th e  sy stem  s t a r t s  a r b i t r a r i ly  a t  th e  p o in t A, 
show n in F ig .6 -2 (b ). The n eg a tiv e  feedback  s t r u c tu r e  is f i r s t ly  se le c te d  
so th a t  th e  o p e ra tin g  p o in t (describ ing  po in t) moves along  th e  e ll ip tic  line  
u n til i t  reach es  a  p red efin ed  t r a je c to ry ,  te rm ed  a  s l i d in g  l in e ,  cr, w hich  is  
d efin ed  b y :-
cr = c X  +  X  1 2 (6 -5 )
w h ere  th e  c o e ffic ien t c h as  been se lec ted  such th a t  th e  slid ing  lin e  <r = O
is  betw een the  ax is  x^ and th e  asy m p to te  o f hyperbo lic  t r a je c to r ie s
a sso c ia te d  w ith  th e  p ositive  feedback ; th u s  O < c < V K '. When th e  
o p e ra tin g  point re ach e s  a t  B a f t e r  c ro ssin g  th e  s lid ing  line cr, th e  sy stem
is sw itched  to  p o sitiv e  feedback  and th e re fo re  th e  o p e ra tin g  p o in t m oves
back to w ard  th e  s lid ing  line cr, along th e  hyperbo lic  line. A fte r  c ro ss in g
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th e  line cr = 0  again , th e  o p e ra tin g  poin t reach es  th e  p o in t C, re s u lt in g  in 
th e  nega tive  feedback  s t ru c tu re  w hich pushes th e  o p e ra tin g  p o in t back  to  th e  
s lid in g  line cr = 0 . As a  re s u lt ,  th e  m otion o f th e  o p e ra tin g  p o in t w ill 
s l i d e  on th e  slid ing  line cr and  th e  tim e dom ain re sp o n se  f o r  m ovem ent along  
th e  line cr = 0 can be given b y :-
x^(t) = x^(t^) e (6 -6 )
w h ere  t^ is th e  tim e when o p e ra tin g  po in t h its  th e  line  cr fro m  any in i tia l  
p o sitio n . Eqn. (6 -6 ) gives th e  m ean re sp o n se  o f th e  sy stem  along  th e
s lid in g  line cr = 0, and i t  is  n o t a f fe c te d  by v a r ia tio n  o f p a ra m e te r  K
b ecau se  th e  line cr = 0 d e te rm in es  th e  system  response . T h is  phenom enon is 
ca lled  s l i d i n g  m o d e .
T his exam ple show s th a t  tw o  u n s a t is fa c to ry  co n fig u ra tio n s  can  be sw itch ed  
a l te r n a te ly  by a  p ro p e r sw itch in g  a lg o rith m  to  fo rm  a  v a ria b le  s t r u c tu r e
sy stem  w hich h as a  d e te rm in is tic  resp o n se . More im p o rtan tly , th e  r e s u l ta n t  
v a r ia b le  s t ru c tu re  system  is  in sen s itiv e  to  p a ra m e te r  v a r ia tio n  and  load 
d is tu rb a n c e  e f fe c ts .
6.3 C o n tro l  o f  th e  R e v e r s i b l e  R e c t i f i e r  U s in g  T h e o r y  o f  V a r ia b le  
S t r u c t u r e  S y s t e m s
In o rd e r  to  design a  v a r ia b le  s t ru c tu re  co n tro l system  a d es ig n e r m u st 
p o ssess  a  s tro n g  th e o re tic a l  background  in th e  v a ria b le  s t r u c tu r e  th eo ry ,
w hich m ay prove to  be a  m a jo r o b s ta c le  in p ra c tic e . In essence, th e  f i r s t  
s ta g e  o f th e  design o f such  a  system  e n ta ils  th e  choice o f th e  p re d e fin ed
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t r a je c to r y  -  th e  slid ing  line o r  su rfa c e . The p a ra m e te rs  a re  chosen to  
y ie ld  th e  d esired  dynam ic response , so o b ta in ing  s ta b il ity .  The second 
s ta g e  o f th e  design p ro ced u re  involves th e  se lec tio n  o f a  su ita b le  sw itch in g  
a lg o rith m  which w ill en su res  th a t  (i) th e  system  w ill be ab le  to  re a c h  th e  
p red e fin ed  slid ing  line (reach ing  condition) and (ii) th e  sy stem  having  
reach ed  the  slid ing  line w ill be th en  kep t on i t  (ex is tin g  cond ition).
To im plem ent slid ing  mode co n tro l o f a  re v e rs ib le  r e c t i f ie r ,  i t  is  
convenient to  use th e  space v ec to r and  ro ta t in g  d -q  m odels w hich  w e re  
developed in C hap ter2.
D efine a  sw itch ing  line a s  [HABETLER 1989]:-
= K AE + Ai = 0  (6.7)dc sd
w here  AE = E -  E* (6.8)dc dc dc
and
Ai = 1 -  i (6 .9)sd sd sd
R ew rite  Eqn. (3.1) a s : -
d i
L — —  = -  V (k) + V (6-10)- Rd t
As d iscussed  in previous ch a p te rs , th e  supply v o ltage v ec to r V r o ta te s  a t  
th e  an g u la r frequency  o> on th e  space p lane and th e  c u r re n t  v e c to r  i is—S
governed  in stan tan eo u sly  by se lec tin g  th e  te rm in a l vo ltag e  v ec to r V^(k).
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The c u r re n t vec to r î can  be p ro je c te d  in to  th e  d -q  ro ta t in g  f ra m e  w h e re  th e  
d -a x is  is fix ed  a t  th e  supply  v o ltag e  v ec to r V , a s  show n in F ig .6 -3 . The 
c u r re n t  v ec to r £ m ay lead  o r  lag  th e  supply  v o ltage v ec to r V betw een  tw o  
sw itch in g  in s ta n ts . The o b jec tiv e  o f th e  c o n tro lle r  is  to  se le c t a  p ro p e r  
te rm in a l vo ltage v ec to r in such  a  w ay th a t  (i) th e  ac  c u r re n ts  a re  
co n tro lled  to  be s inuso ida l locked to  th e  m ains, t h a t  is, i = i* =s d s d/  3  '  */  —— I and i = 0 , and  (ii) th e  d .c . link vo ltag e  and  th e  a .c . c u r r e n tsV 2 sm  sq
s a t i s fy  E qn.(6.7). I f  th e  sy s tem  is  s lid in g  on th e  s lid in g  line <r = 0 , th e  
t r a n s ie n t  behaviour is  d e te rm in ed  by E qn,(6.7) and th e  d .c . link v o ltag e  is  
eq u a l to  i ts  re fe re n c e  a s  Ai is  co n tro lled  to  be ze ro . i* can  besd sd
o b ta in ed  by e s tim a tin g  th e  load re q u ire m e n t d iscussed  in sec tio n  5.2.
, (3 )
Fig. 6 -3  Space V ecto r D iagram  fo r  E xplain ing  th e  P rin c ip le  
o f th e  S liding Mode C ontro l
The f i r s t  ob jective  o f th e  c o n tro lle r  is  to  fo rc e  th e  q-com ponent i o f i
s q  — S
to  be z e ro  so th a t  w ill becom e a lig n ed  w ith  V^. T his can be im plem ented
w ith  re fe re n c e  to  an  exam ple in Fig. 6 -3 , w here  i lag s  V a t  an  a r b i t r a r y
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ang le. T hree  te rm in a l v o ltag e  v ec to rs  can  be se lec ted  to  fo rc e  i to  besq
zero ; they  a re  V (J), V (5) and  V (4). V il) and  V (5) in c re a se  th e-R  -R  -R  -R  “ R
am p litu d e  o f i b u t V (4) re d u ces  it .  The choice be tw een  them  is  m ade by— s — R
co n sid erin g  th e  second o b jec tiv e , m aking cr = 0. When cr > 0  , i t  should
red u ce  th e  am plitude o f th e  a .c . c u r re n t  in o rd e r  to  red u ce  <r; th u s  th e  
v ec to r V (4) is se lec ted . O therw ise , when o* < 0  , V (I) o r  V (5) is-R  -R  —R
chosen. The sw itch ing  a lg o rith m  is sum m arized  in T ab le .6-1, w h ere  th e
d if f e re n t  reg ion  o f V a re  considered .
V— s
i > 0s q i < 0s q
cr > 0 <T < 0 cr > 0 cr < 0
I Y , ( 2 ) Y , ( I )
11 Y , ( 2 ) Y , ( ï ) Y a ' f ) Y ,( 5 )
111 Y « ( 5 ) Y , ( 2 ) Y , ( 4 )
IV Y , ( 0 Y « ( 4 ) Y , ( 2 ) Y , ( 6 )
V Y , ( 5 ) Y , ( « ) Y , ( 2 ) Yr‘2)
VI Y , ( 4 ) Y , ( 2 ) Y « < 5 ) Y c ( J )
T a b l e  6 -1  S w itc h in g  T a b l e  f o r  S lid ing  M ode C o n tro l
The r e s u lts  o f s im ula tion  a re  g iven in  F ig .6 -4 , f o r  w hich c irc u it  p a ra m e te rs  
a r e  th e  sam e as  those in a  conventional co n tro l system  in A ppendix III. In 
com parison  w ith  th e  conventional co n tro l system  w h ere  th e  d .c . link  v o ltag e  
is co n tro lled  by a  PI c o n tro lle r  p lus th e  in jec tio n  o f th e  load in fo rm a tio n  
a s  show n in  F ig .A -3-6 , s lid in g  mode co n tro l p rov ides a  b e t te r  t r a n s ie n t  
p e rfo rm an ce  and i ts  t r a n s ie n t  behav iour is d e te rm in ed  by th e  designed  
p a ra m e te r  K in Eqn.(6.7).
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F ig .6 -4  R esu lts  o f  S im ulation  U sing 
Sliding Mode C ontro l
(a) D.C. Link V oltage E
(b) Inpu t C u rre n t 1 andsA
Input V oltage VsA
(c) S liding T ra je c to ry
(b)
6 .4 . S u m m a ry
I t  is  believed th a t  d iff ic u lty  in design ing  su itab le  system  fo r  co n tro llin g  
th e  D.C. link v o ltage in o rd e r  to  s a t is fy  th e  tra n s ie n t  re q u irem en t m igh t be 
overcom e by using th eo ry  o f v a r ia b le  s t ru c tu re  system . By m eans o f 
s im u la tio n s , th e  p re lim in ary  r e s u l ts  d em o n s tra te  th e  p rin c ip le  and o p e ra tio n  
o f th e  re v e rs ib le  r e c t i f i e r  using  th e  s lid in g  mode co n tro l schem e. I t
shou ld  be p o in ted  o u t th a t  th e re  a r e  m any th e o re tic a l and p ra c t ic a l  p rob lem s
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unsolved y e t b u t th e  basic  p rin c ip le  o f slid ing  mode co n tro l is s t i l l  v ery  
a t t r a c t iv e ,  and re sea rc h  on th is  novel schem e is a  p ro sp ec tiv e  to p ic  in th e  
f  u tu re .
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Ch a pt e r  7 .  Desig n  Co n sid er a tio n s  and  Ex pe r im e n t a l  Wo rk
7.1 I n t r o d u c t i o n
The ob jective  o f th e  p ra c tic a l  w ork w as to  in v es tig a te  and  build  a  sm all 
sc a le  p ro to ty p e  rev e rs ib le  r e c t i f ie r  and i ts  co n tro l sy stem s, in  o rd e r  t h a t  a  
com plete  understand ing  o f th e  th e o re tic a l and p ra c t ic a l  p e rfo rm an c e  cou ld  be 
achieved. I t  w as o rig in a lly  planned th a t  a ll th e  co n tro l schem es, includ ing  
th e  v o ltag e -fo rce d  and slid ing  mode schem es, w ould be im plem ented. H ow ever, 
th u s  f a r  only th e  c u r re n t- fo rc e d  schem es, have been in v es tig a ted  p ra c t ic a l ly .  
A cheap  analogue co n tro l system , employing a  sim ple h y s te re s is  com parison  and  
ra m p  com parison schem es, and  a  m ore expensive t r a n s p u te r  b ased  d ig i ta l  
co n tro l system  im plem enting th e  p red ic tiv e  co n tro l schem e, w e re  c o n s tru c te d .
7 .2  D e s c r ip t io n s  o f  P r a c t i c a l  W ork  a n d  D e s ig n  C o n s id e r a t i o n s
7.2.1 Pow er Devices and Pow er C ircu it Design
To achieve a  good q u a lity  o f w aveform , i t  is  d e s ira b le  to  o p e ra te  a  
re v e rs ib le  r e c t i f ie r  a t  a  high sw itch ing  freq u en cy . The choice o f  f a s t  
sw itch in g  devices lay betw een pow er b ip o la r t r a n s is to r s ,  MOSFETs and  IGBTs.
I t  w as  in itia lly  in tended to  use IGBTs to  c o n s tru c t  a  5.5KVA r e c t i f ie r ,  to  be 
o p e ra te d  in conjunction  w ith  an  in v e rte r  fed  induction  m achine d riv e  sy s tem  
th en  availab le  in th e  lab o ra to ry . Due to  f in an c ia l l im ita tio n s , a  IKVA 
p ro to ty p e , sw itch ing  a t  up to  20KHz, w as ac tu a lly  c o n s tru c te d , in c o rp o ra tin g
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p o w er MOSFETs o f type  IRFP240. T his p ra c tic a l w ork  c o n c e n tra te d  on 
d em o n s tra tin g  th e  p rin c ip le  and o p e ra tio n  o f th e  re v e rs ib le  r e c t i f i e r ,  r a th e r  
th a n  on th e  developm ent o f good p o w er-sw itch in g  c irc u its . A spects such  a s  
lo sses  in  pow er devices a re  w ell d esc ribed  in th e  a p p lic a tio n s  l i te r a tu r e  
[e .g . GRANT 1987, IKEDA 1988, MESTHA 1989, HEUMANN 1989],
7 .2 .2  C ircu it P a ra m e te rs
I t  is  f i r s t  n ecessa ry  to  se le c t su itab le  c irc u it p a ra m e te rs  in o rd e r  to  
o p e ra te  a  re v e rs ib le  r e c t i f ie r  in  i t s  p ro p e r mode. The p a ra m e te rs  include 
th e  d .c . link vo ltage, th e  inpu t inductance , and th e  d .c . link ca p ac itan c e .
7 .2 .2 .1  d.c. link vo ltage
T he p rev ious c h a p te rs  show ed th a t  th e  d .c. link vo ltage  m ust n e c e ssa rily  be 
h ig h e r  th an  th a t  in a  sim ple diode r e c t i f ie r .  A h ig h er d .c . link  v o ltag e  
can  be advan tageous, a s  f a r  a s  co n tro l o f th e  m achine is  concerned , because  
th e  vo ltage t r a n s f e r  ra tio ,  th a t  is , th e  r a t io  o f th e  a .c . v o ltag e  o f  th e  
m ach ine to  th e  supply vo ltage, can be h igher th an  1. Selection  o f  th e  d .c . 
link  vo ltage  should ta k e  accoun t o f th e  fo llo w s:-
o  It should be high enough to  rem ain  a lw ays above th e  m inim um  value
req u ired  by th e  sp ec if ic  co n tro l schem e, w h a tev e r th e  load  changes. 
T ypically  th is  re q u ire s  a  vo ltage 10~207. h ig h er th an  th e  n a tu ra l  
value o f th e  re c tif ie d  vo ltage, 
o  The vo ltage  s t r e s s  and sw itch in g  losses o f th e  sw itch in g  devices.
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F o r te s t in g  th e  p ro to ty p e  re v e rs ib le  r e c t i f ie r ,  th e  d .c . link vo ltage w as s e t  
to  be  65V o r 72V, w ith  a  co rrespond ing  lin e -lin e  input vo ltage o f 41.5V 
(r .m .s .) .
7 .2 .2 .2 . input inductance and d .c . link cap ac itan ce
The choice o f input inductance  is  based on th e  fo llow ing c o n s id e ra tio n s-
o  To reduce  th e  am plitude o f th e  sw itch ing  com ponents in th e  in p u t 
c u r re n t and  to  f a c i l i ta te  sm ooth co n tro l a  reaso n ab ly  la rg e  
inductance is  req u ired ; 
o  As th e  inductance  is  in c reased  th e  co s t r is e s ,  and th e  dynam ic 
ran g e  o f th e  c o n tro lle r  m ust be w idened to  o b ta in  a  s a t i s f a c to ry  
response .
A su ita b le  value o f cap ac itan ce  should be se lec ted  by considering  s ta b i l i ty  
and  t r a n s ie n t  resp o n se  o f th e  d .c. link vo ltage co n tro l: th e  ca p a c ita n c e  
should  be su b s ta n tia l enough to  p rev en t sudden load changes fro m  a lte r in g  th e  
d .c . v o ltage  too quickly, and so exceeding  th e  dynam ic ra n g e  o f th e  
c o n tro l le r  o f  th e  d .c . link vo ltage. The d iscussions in th e  p rev ious
c h a p te r  suggested  th a t  in jec tio n  o f load  in fo rm atio n  could im prove t r a n s ie n t  
re sp o n se  and hence w iden th e  dynam ic ra n g e  o f th e  c o n tro lle r . The value o f  
th e  c a p ac itan c e  can  be reduced  if  th e  in fo rm a tio n  abou t load is in jec ted .
A m ore  fu n d am en ta l problem  re le v an t to  th e  rev e rs ib le  r e c t i f ie r  co n cern s  th e  
m in im iza tio n /o p tim iza tio n  o f th e  re a c tiv e  com ponents. As sw itch in g  devices 
co n tin u e  to  im prove, th e  re a c tiv e  com ponents used a s  energy s to ra g e  and
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f i l te r in g  will increasing ly  dom inate  th e  co s t and th e  pow er d en s ity . T h e re  
w e re  few  re p o r ts  o f  re a c tiv e  com ponent m in im iza tion  [ZIOGAS 1984, 1985].
M ore d e ta iled  d iscussions w ere  given by T.G. H ab e tle r an d  D.M. Divan 
IHABELTER 1989], w ith  th e  m a jo r conclusions as fo llo w s :-  (i) F i l te r  c o s t  is 
lo w er w ith  th e  v o ltag e-so u rced  co n fig u ra tio n  (p re se n t c o n f ig u ra tio n ) th a n  
th a t  w ith  th e  c u r re n t-so u rc e d  co n fig u ra tio n  (not be d iscu ssed  in th is  
th e s is ) ;  (ii) Once th e  co n fig u ra tio n  is sp ec ified , f i l t e r  m in im iza tio n  
becom es dependent only on th e  sw itch in g  p a tte rn . The ob jec tiv e  to  m inim ize 
th e  re a c tiv e  f i l t e r  re q u irem en ts  w as to  m inim ize th e  energy  s to re d  in th e  
c a p a c ito r  and th e  in d u c to rs  by sa tis fy in g  some c o n s tra in ts .  T hese
c o n s tra in ts  w ere  th a t  (i) th e  in p u t and o u tp u t vo ltages a r e  d efin ed , and  (ii) 
th e  to ta l  harm onic d is to r tio n s  o f  th e  in p u t and o u tp u t c u r re n t  a r e  sp ec ified .
I t  should  be be noted th a t  th e  m inim um  value o f c ap ac itan ce  by such  a  m ethod  
w as  m uch sm alle r th an  th a t  i t  should be, because th ey  assum ed t h a t  th e  d .c . 
link  c a p a c ito r  only handle th e  sw itch in g  harm on ics and th e  re g u la tio n  o f  th e  
d .c . link  voltage w as n o t considered . From  th e  an a ly s is  in C h ap te r 5 i t  h a s  
been seen  th a t  th e re  is  a  r e s t r a in t  on th e  value o f cap ac itan c e  a s  f a r  a s  th e  
re g u la tio n  o f th e  d .c . link v o ltag e  is  concerned . I t  w as fo u n d  t h a t  th e  
va lue  o f  cap ac itan ce  w hich is  re q u ired  fo r  s a tis fy in g  th e  p e rfo rm a n c e  o f  
re g u la tio n  is much la rg e r  th an  th a t  w hich is re q u ired  f  o r rem oving  th e  
sw itch in g  harm onics. Then, use  o f th e  to ta l  energy  s to re d  in  b o th  th e  
c a p a c ito r  and th e  in d u c to rs  a s  th e  optim um  c r ite r io n  seem s to  be 
q u estionab le . R eactive com ponent m in im iza tion  is s t i l l  opened to  be
in v es tig a ted . However, one m ethod to  choose th e  su itab le  re a c tiv e  com ponent 
is  su g g ested  a s  fo llow s:-
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(i) Since th e  ca p ac itan c e  chosen fo r  s a tis fy in g  th e  re g u la tio n  
perfo rm an ce  o f th e  d .c  link vo ltage is m uch la rg e r  th an  th a t  f o r  
rem oving th e  sw itch in g  harm on ics and th e re  is  a  lo w -p a ss  f i l t e r  in  
th e  feedback  p a th , i t  is re aso n ab le  to  assum e th a t  th e  sw itch in g  
harm onic co n ten t, due to  th e  sw itch ing  o f th e  r e c t i f i e r  and  th e  
in v e rte r , is  very  sm all and i t  h as  no e f fe c t  on th e  a .c . c u r re n t;
(ii) Choose a  sm all in itia l value o f  inductance  and c a lc u la te  th e
to ta l  harm onic d is to r tio n  in  th e  inpu t c u r re n t  w ith  th e  sp e c if ic
co n tro l schem e and  th e  sp e c if ic  sw itch ing  freq u en cy ;
(iii) If th e  to ta l  harm onic  d is to r t io n  is  n o t s a t is fa c to ry ,  in c re a se  th e  
inductance and  re p e a t  (ii) and th is  s te p  u n til th e  su ita b le  
inductance is ob ta ined ;
(iv) Choose a  sm all in itia l  value o f  c ap ac itan ce  and s im u la te  th e
p erfo rm an ce  o f th e  d .c . link v o ltage  loop w ith  a  sp e c if ic
c o n tro lle r  and th e  sp ec if ic  load;
(v) If  i t  is d if f ic u l t  to  design  th e  c o n tro lle r  o f th e  d .c . link
voltage to  s a t is fy  th e  re q u ire d  p e rfo rm an ce  by using  th e  m ethod
d escribed  in C h ap ter 5, in c re a se  th e  cap ac itan c e  and r e p e a t  (iv) 
and th is  s te p  u n til  th e  su itab le  cap ac itan ce  is  ob ta ined .
An exam ple o f se lec tin g  th e  su ita b le  value o f th e  in d u ctan ce  and c a p ac itan c e , 
a s  w ell a s  th e  p a ra m e te rs  o f th e  PI co n tro lle r , f o r  a  high p o w er level
r e c t i f i e r  is  given in Appendix III and  th e  p e rfo rm an ce  o f  such a  sy s tem  is
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shown by simulation. In the laboratory prototype of the reversible
rectifier , the 4mH inductance and a i250/ip electrolytic capacitor was 
arbitrarily chosen.
7 .2 .3  D rive C ircu it Design
T he p u rpose  o f th is  w ork w as to  o b ta in  th e  fu n d am en ta l know ledge a b o u t th e  
sw itch in g  p erfo rm an ce  o f th e  pow er devices and  th e i r  g a te  d riv e
c h a ra c te r is t ic s .  The d rive  c irc u it  designed f o r  MOSFETs/IGBTs, show n in
A ppendix IV, provided a  sim ple, low co s t, h igh p e rfo rm an ce  so lu tio n  to  th e  
g a te  d rive  req u irem en ts . A t ra n s fo rm e r- is o la te d  d r iv e r  overcom es th e
d isad v an tag es  o f  an  o p tica l c o u p le r-iso la ted  d riv e r  -  nam ely  th e  p o o r no ise 
im m unity , th e  high im pedance o u tp u t and  th e  need f o r  a d d itio n a l f lo a tin g  
p o w er sou rces w hich add  th e  co s t and  com plexity . In ad d itio n , t r a n s f o rm e r  
coupling  o f low  level s ig n als  to  pow er sw itch es  o f f e r s  se v e ra l o th e r  
advsoitages such a s  im pedance m atch ing , DC iso la tio n  and  e i th e r  s te p -u p  o r  
s tep -d o w n  cap ab ility .
7 .2 .4  D.C. Link C u rren t and a  S im ulated  In v e rte r  Load
The u ltim a te  load o f th e  re v e rs ib le  r e c t i f i e r  is  no rm ally  an  in v e r te r ,
sw itch in g  a t  a high f  requency  to  supply  a  v a r ia b le - f  requency , 
Vcm iable-voltage so u rce  to  an  a .c . m achine. C onceptually , th e  d .c . link 
c u r re n t  w aveform  is ob ta ined  by m ultip ly ing  th e  sinuso ida l c u r re n t  w av efo rm  
o f  th e  s ta to r  and i ts  co rresponding  sw itch in g  fu n c tio n . In g e n e ra l, th e
c u r re n t  co n s is ts  o f bo th  positive  and n eg a tiv e  p u lses , depending on th e  pow er 
f a c to r  o f th e  m achine [EVANS 1986}.
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To t e s t  th e  re v e rs ib le  r e c t i f i e r ,  a  s im u la ted  in v e r te r  load , co n sis tin g  o f 
re s is to r s ,  a  bank o f le a d -a c id  b a t te r ie s ,  and  MOSFET sw itch es , w as 
c o n s tru c te d , a s  show n in F ig .7-1, to  model th e  d .c . link c u r re n t  d raw n  by th e  
in v e r te r  load. T he v o ltag e  o f th e  b a t te ry  bank is  la rg e r  th a n  th e  d .c . link 
v o ltag e  and th e  tw o  re s is ta n c e s  a r e  se lec ted  to  p rov ide a  b i-p o la r i ty  c u r re n t
D.C. L in k out
Fig. 7-1 A S im ulated  In v e r te r  Load
pu lse  d raw n  fro m  th e  link  w hen th e  tw o  MOSFETs a r e  d riven  by a  p u lse  
g e n e ra to r . The pow er flo w  can  be co n tro lled  by chang ing  th e  d u ty  cycle  o f  
th e  pu lse  app lied  to  th e  tw o  MOSFETs. The only d if fe re n c e  b e tw een  th e  
sim u la ted  in v e r te r  load  and  th e  re a l  in v e r te r  load  is  th e  shape o f th e  p u lse  
c u r re n t ,  b u t th is  does n o t in flu en ce  co n tro l o f  th e  pow er flow .
7 .2 .5  Selection  o f  A.C. C u rre n t C on tro l Schemes
The th e o re tic a l  an a ly s is  in C h a p te rs  show s th a t  th e  c u r re n t- fo rc e d  schem es 
can  p rov ide b e t te r  s ta b il i ty  th a n  th e  v o lta g e -fo rc e d  schem es. To ach ieve 
th e  sam e s ta b le  reg ion  a s  w ith  th e  c u r re n t- fo rc in g , v o lta g e -fo rc in g  needs a  
m ore com plicated  co n tro l sy stem , w hich ad d itio n a lly  in c re a se s  th e  co s t o f  th e
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w hole co n tro l system . In com parison  w ith  th e  v o lta g e -fo rc e d  schem e, th e  
only d isad v an tag e  o f c u r re n t- fo rc in g , is  th e  n ecess ity  o f m o n ito rin g  a .c . 
c u r re n ts .  F o rtu n a te ly , a  h igh q u a lity  c u r re n t  sen so r is  n o t expensive  
now adays. T h e re fo re , c u r re n t- fo rc e d  schem es a re  p re fe ra b le  to  v o lta g e -  
fo rc e d  one, and so  have been im plem ented.
7 .3  A n a lo g u e  C o n tro l  S y s te m
A sim ple analogue co n tro l system  em ploys th e  sim ple h y s te re s is  com parison  
a n d /o r  th e  ram p  com parison  techn ique to  co n tro l th e  a .c . c u r re n t.  T he d .c . 
link  v o ltage o r pow er flow  is  governed  by a  PI c o n tro lle r , to g e th e r  w ith  a  
load  in fo rm a tio n  in jec tio n  loop. In th is  sec tion , im p lem en ta tio n  o f  th e  
an a lo g u e  co n tro l system  w ill be p re se n te d  in d e ta il.
7 .3 .1  C ontrol System  D iagram
T he block d iag ram  o f th e  co n tro l sy stem  w ith  a  c u r re n t- fo rc e d  c o n tro l schem e 
h a s  been show n in F ig .3-1. I t  co n s is ts  o f an  a .c , c u r re n t  c o n tro lle r ,  a  
re fe re n c e  signal g e n e ra to r , a  d .c . link v o ltag e  re g u la to r , a  low p a ss  f i l t e r  
and  th e  c u r re n t/v o lta g e  m easu rem en t c irc u its .
7 .3 .2  A.C. C u rre n t C o n tro lle r
F ig .7 -2  show s th e  a .c . c u r re n t  c o n tro lle r  in one phase, w hich c o n s is ts  o f  tw o  
s ta g e s . The op-am p A  ^ com pares th e  a .c . c u r re n t  feedback  s ig n a l w ith  i t s  
r e fe re n c e , fo llow ed by a  h y s te re s is  S chm itt t r ig g e r  A^. W ith th e s e  tw o
s ta g e s  th e  c u r re n t  e r ro r  can be observed  and th e  h y s te re s is  band  can  be
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a l te r e d  by changing th e  RP value. In add ition , a  t r ia n g le  w ave a t  f ix e d  
freq u en cy  can easily  be ap p lied  to  th e  co m p ara to r, th ro u g h  R , to  im plem ent 
th e  ram p  com parison co n tro l.
Hysteresis Comparator
RP
F ig .7 -2  A H y ste res is  C om parato r 
7 .3 .3  G eneration  o f C u rre n t R efe ren ce
A c u r re n t  re fe re n c e  g e n e ra to r  p rovides th e  a .c  c u r re n t  c o n tro l w ith  th e  
re q u ire d  sinuso ida l w aveform . I t  is  im plem ented by an  analogue 4 -q u a d ra n t  
m u ltip lie r  w hich m u ltip les a  sinuso ida l tem p la te , d eriv ed  fro m  th e  p h ase  
v o ltag e  o f th e  m ains, and  th e  o u tp u t o f th e  PI c o n tro lle r . T he device 
chosen is ac tu a lly  a  tran sc o n d u c tan ce  am p lif ie r , th e  LM13600. T h is
o p e ra tio n a l am p lifie r is  a  very  v e rsa tile  device, w hich can  ea s ily  be m ade to  
a c t  a s  a  v o ltag e -co n tro lled  a m p lif ie r  IMARSTON 1989]. I t  h a s  d i f f e r e n t ia l  
vo ltage  inpu t te rm in a ls  (like a  conventional op-am p) b u t th e  g a in  can  be 
co n tro lled  by an  e x te rn a l b ias  c u r re n t  fed  in to  th e  a m p lif ie r  te rm in a l. 
F ig .7 -3  show s an  econom ical y e t e f fe c tiv e  analogue 4 -q u a d ra n t m u ltip lie r  
using  th e  LM13600, s e t  up to  g e n e ra te  th e  c u r re n t  re fe re n c e . T he te m p la te
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PI C ontroller
Mains
LM13600
Filter C urrent
-1 5 V R eferen ce
V ariable Gain A m plifier
F ig .7 -3  G enera tion  o f th e  C u rre n t R eference
sinuso ida l is derived  fro m  th e  p h a s e -n e u tra l  m ains vo ltage, fo llo w ed  by a  
lo w -p a ss  f i l te r .  The co n tro l s ig n al fro m  th e  o u tp u t o f  th e  PI c o n tro l le r  is  
t ie d  to  pin 5, w hich co n tro ls  th e  g a in  o f  th e  am p lif ie r . T he o u tp u t s ig n a l 
p o la r ity  a t  pin 8 depends on th e  p o la r it ie s  o f bo th  th e  tem p la te  an d  th e
c o n tro l s ignal, w hile i t s  am plitude can  be v aried  by changing th e  c o n tro l. • '  •
sig n a l applied  to  p in  5. T hus a  s inuso ida l re fe re n c e  is  g e n e ra te d  w hose 
w avefo rm  fo llow s th e  tem p la te , an d  w hose am plitude is  co n tro lled  by th e  
o u tp u t o f th e  PI co n tro lle r .
7 .3 .4  C u rren t and Voltage M easurem ent
T he a .c . c u r re n t m easu rem en t is  c a r r ie d  o u t by using  a  m u lti- ra n g e  c u r re n t  
tra n sd u c e r , LEM type LA25-NP, in each  phase . The m odule p rov ides e le c tro n ic  
m easu rem en t o f d .c , a .c .,  and pu lsed  c u r re n ts  w i th . g alvan ic  iso la tio n  w ith  a  
bandw id th  fro m  DC to  ISOKHz.
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T he d.c. link vo ltage is  m easured  by m eans o f th e  c irc u i t  show n in F ig .7 -4 . 
The high v o ltage  is  a tte n u a te d  by r e s is to r s ,  fo llow ed  by a d if f e re n t ia l  
a m p lif ie r  w ith  a  lo w -p ass  f i r s t - o r d e r  ac tiv e  f i l t e r  w hich e lim in a te s  th e  
sw itch ing  rip p le  fro m  th e  d .c. link.
PI C ontroller Load
In jection
do
sm
DC Link do
f i l t e r
F ig .7 -4  M easurem ent and  C ontro l o f  th e  D.C. Link V oltage 
7 .3 .5  C o n tro lle r/L o ad  In fo rm a tio n  In jec tio n
A sim ple PI c o n tro lle r  using  an  o p e ra tio n  a m p lif ie r  is a lso  show n in  F ig .7 -4 . 
The o u tpu t o f th e  PI c o n tro lle r  is  app lied  to  an  ad d e r w hich is  cap ab le  o f
in jec tin g  th e  r e c t i f ie r  load in fo rm a tio n  d ire c tly  to  th e  a .c . c u r re n t  c o n tro l
loop. F or p ro tec tio n , tw o  z e n e r d iodes a r e  u sed  to  lim it th e  o u tp u t
vo ltage, which th u s  lim its  th e  am plitude o f  th e  re fe re n c e  c u r re n t.
ISO
7 .3 .6  E xperim en ta l R esu lts
P e rfo rm an ces  o f  th e  p ro to ty p e  re v e rs ib le  r e c t i f i e r  in s te a d y  s t a t e  and  in  
t r a n s ie n t  s ta te  a re  d em o n stra ted  in  th is  sec tio n  by show ing th e  a .c . c u r re n t  
w av efo rm  to g e th e r  w ith  i ts  phase  vo ltag e  and th e  d .c . link  v o ltag e  w avefo rm .
sA sA
sA
F ig .7 -5  Inpu t C u rre n t i^^ Using a  
Conventional Diode B ridge
(Input C u rren t: 5A /div
F ig .7 -6  In p u t C u r re n t  i U sing asA
R eversib le  R e c tif ie r  
w ith  Sim ple H y s te re s is  
C om parison T echnique 
Input V oltage: lOV/div)
F ig .7 -5  show s th e  a .c . c u r re n t  w aveform  and th e  co rresp o n d in g  p h ase  v o ltag e  
in one inpu t line o f a  conventional th re e -p h a se  d io d e -b rid g e  r e c t i f i e r .  I t  
can  be seen th a t  th e  c u r re n t  a t  th e  inpu t to  th e  diode b rid g e  d ev ia te s  
s ig n if ic a n tly  from  a sinuso ida l w aveform . In c o n tra s t,  th e  c u r re n t  d ra w n  by 
th e  p ro to ty p e  rev e rs ib le  r e c t i f i e r  em ploying th e  sim ple h y s te re s is  com parison  
schem e is  n ea rly  sinuso ida l and th e  d isp lacem ent pow er f a c to r  is  u n ity , a s  
show n in F ig .7 -6 .
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F ig .7 -7  and  F ig .7 -8  show th e  r e s u l ts  w ith  th e  ram p  co m p ariso n  techn ique , 
sw itch ing  a t  lOKHz. C u rre n t d is to r tio n  can be observed  in F ig .7 -7  since 
E /  V is less th an  2, re s u lt in g  in m > 1 (see Eqn.(3.17)). An im proveddc sm
c u r re n t  w aveform  is ob tained  by in creas in g  E /  V to  2 .4 , and  is show n indc sm
F ig .7 -8 . The tem p la te  locked to  th e  p h a s e - to -n e u tra l  v o ltag e  o f th e  m ains 
is  a lso  shown in each d iag ram  fo r  com parison .
sA sA
f
sA sA*
Fig. 7 -7  Input C u rren t i UsingsA
Ramp C om parison Scheme 
w ith  E /  V = 1 .9dc sm
(Input C urren t: 5A /div
F ig .7 -8  Inpu t C u rre n t i^^U sing
Ram p C om parison  Scheme 
w ith  E /  V = 2 . 4dc sm
Input V oltage: lO V /div)
F ig .7 -9  and 7-10 show th e  inpu t c u r re n t  w aveform  and th e  a sso c ia te d  re fe re n c e  
c u r re n t  w aveform , using th e  sim ple h y s te re s is  com parison  tech n iq u e  and  th e  
ram p  com parison technique, re sp ec tiv e ly . Com parison o f  th e s e  w avefo rm s 
show s th a t  th e  sam e am ount o f c u r re n t  is d raw n  fro m  th e  m ains u n d er th e  sam e 
load, bu t th e  am plitude o f th e  c u r re n t  r e f  e rence in  th e  ra m p  com parison  
schem e is less  th an  th e  ac tu a l c u r re n t  and th e  phase  s h i f t  is  to o  sm all to  be 
observable.
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Fig. 7 -9  Input C u rren t i and isA sA
Using H y steresis  Scheme
F ig .7-10  Inpu t C u rre n t i and  is  A sA
Using Ram p C om parison  Schem e
To t e s t  th e  t ra n s ie n t  resp o n se , th e  load d iscussed  in sec tio n  7 .2 .4  w as used. 
I t  w as driven  by a  pulse g e n e ra to r  in  o rd e r  to  p rov ide re p e a te d  re v e rs a ls  o f 
th e  av erag e  load c u r re n t, a s  sp ec ified  in F ig. 5-11. T he r e s u l ts  p re se n te d  
h e re  r e f e r  to  a  system  w ith  th e  p a ra m e te rs ,  g iven a s  fo llow s:
d .c . link voltage: 65V
a .c . l in e - to - to - l in e  voltage: 42V (rm s)
Input Inductance L : 4mH
D.C. C apacitance C: 1250pF
A verage Load C u rren t I^: 5A
P ro p o rtio n a l G ain K :p 0 .2 4
Time C onstan t T  : 0 .0 0 3
The PI c o n tro lle r  w as f i r s t  o p e ra ted  to  c o n tro l th e  d .c . link  w ith  th e  sim ple 
h y s te re s is  com parison  techn ique in a .c . c u r re n t  co n tro l. As show n in
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Fig. 7-11, the s tead y  s ta te  e r r o r  o f th e  d .c . link v o ltag e  w a s  z e ro , a s  
ex p ected  and th e  overshoo t on th e  d .c . link v o ltage a s  w ell a s  th e  p h ase  
re v e rsa l  of th e  in p u t c u r re n t  is  c le a r ly  shown. In o th e r  re s p e c ts  th e  
observed  behaviour is  e s se n tia lly  th e  sam e a s  th a t  p re d ic te d  by s im u la tio n .
T la e  b a s e :  20t& s/d lv
d c
( 5 v /d i v )
(2 A /d lv )
S-
Bffi-
a-
T la e  b a s e :  20«sy’d i v
g-
8-
é
f
?•
?• 0.00 O.DZ 0.01 0.06 0.08 0.10 0 .H  0.16 0.10 0.Z0
E xperim en ta l R esu lts  S im ulation  R esu lts
Fig.7-11 T ra n s ie n t Response w ith  PI C o n tro lle r Only
The overshoot can be reduced  by in jec tin g  load in fo rm a tio n  to  th e  c o n tro l 
loop. The behaviour un d er th e se  cond itions h a s  a lso  been o b se rv ed  and  
s im u la ted . F or th e  cases  o f  good in jec tio n , show n in F ig. 7-12, th e
o v ershoo ts w ere  cr^  = 1.4% and cr  ^ = 0% and  th e  re g u la tio n  tim e s  = 10ms and  
t^  = 0. F o r com parison , th e  re s u l ts  w ith  no load  in jec tio n  a r e  show n in 
Fig.7-11, w here = 6.6% and = 6.6%, and t^ = 30m s and  t^  = 60m s, The
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Fig. 7-12 T ra n s ie n t R esponse w ith  Good In jec tio n  ab o u t th e  Load
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F ig .7-13 T ra n s ie n t R esponse w ith  U n d e r-In jec tio n  ab o u t th e  Load
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Fig. 7-14 T ra n s ie n t R esponse w ith  O v e r-In jec tio n  ab o u t th e  Load
behav iou r under th e  im p e rfe c t load in jec tio n  w as a lso  s tu d ied  and show n in  
F ig .7-13 and Fig. 7-14, re sp ec tiv e ly .
7 .4  T r a n s p u t e r  B a se d  C o n tro l  S y s te m
T his ■ sec tio n  is  concerned w ith  a  d ig ita l im p lem en tation  o f  th e  c o n tro l o f  th e  
a .c . c u r re n t  using  th e  c u r re n t- fo rc e d  schem e. C ontro l o f th e  d .c . link  
v o ltag e  h as  n o t been im plem ented in th is  d ig ita l system . T he u se  o f 
p a ra l le l  p rocessing  tech n iq u es in  co n tro l o f th e  re v e rs ib le  r e c t i f i e r  by  a  
INMOS tra n s p u te r  w ill be d iscu ssed  and th e  ex p e rim en ta l r e s u l t s  w ill be 
show n.
1 5 6
7.4.1 T ra n sp u te r  Overview
A t ra n s p u te r  is  a sing le  VLSI device w ith  p ro c esso r, i t s  own local m em ory and  
com m unications links. F ig .7-15 show s a  t ra n s p u te r  a rc h ite c tu re . An un ique
f e a tu r e  is th e  p o in t- to -p o in t s e r ia l  com m unication links w hich p ro v id es fu l l  
dup lex  com m unication w ith  o th e r  t r a n s p u te r s .
A t ra n s p u te r  can  be used e i th e r  alone, in a  s ing le  p ro c esso r sy stem , o r  in  
n e tw o rk s  to  build  h igh p e rfo rm an c e  c o n c u rre n t system s. In th is  ap p lica tio n , 
a  s ing le  t r a n s p u te r  (T800) is  used to  co n tro l th e  a .c . c u r re n ts .  F u r th e r  
expansion  to  an  in te g ra te d  a .c . d rive  system  by using  o th e r t r a n s p u te r s  w as 
envisaged , though th is  h as  n o t y e t been proved. A sing le  t r a n s p u te r  is  
cap ab le  of su p p o rtin g  co n cu rren cy  by m eans o f a  "h a rd w are  sch ed u le r" .
S y s te m
S e rv ic e s < : = % >
On — c h ip  
RAM < = >
P r o c e s s o r
< = > L in kI n t e r f a c e
Input
O utput
0
A p p lic a t io n  S p e c if ic  I n te r f a c e
F ig .7-15 A T ra n sp u te r  A rc h ite c tu re
enab ling  any num ber o f t a s k s  (p ro cesses) to  be ex ecu ted  "co n cu rren tly "  by 
au to m atica lly  sh a r in g  th e  p ro c e sso r tim e  am ong ta sk s . Indeed, f o r  a  s in g le  
t r a n s p u te r  th is  g ives no in c re a se  in speed b u t i t  en ab les p ro g ram s in ten d ed  
f o r  use on a  n e tw o rk  to  be developed and  te s te d  on one tra n s p u te r .
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7 ,4 .2  H ardw are
7 .4 .2 .1  t ra n s p u te rs  and T ra n sp u te r  Developm ent System
T h ere  a re  tw o tra n s p u te rs  in th e  sy stem  —  th e  ta r g e t  tr a n s p u te r  and  th e  
m a s te r  tra n sp u te r .  The ta r g e t  t r a n s p u te r  b o ard  c o n s is ts  o f  an  INMOS T 800  
20MHz tra n s p u te r ,  2 M bytes DRAM, and b o o t/c o n f ig u ra tio n  ro u tin e s  s to re d  in  
EPROM. It ac tu a lly  c a r r ie s  o u t co n tro l o f th e  r e c t i f i e r .  T he m a s te r  
t r a n s p u te r  b oard  (SMTlOl ‘S p rin t’ B oard ) is a  PC p lug in  b o a rd  w ith  an  INMOS 
T425, providing th e  T ra n sp u te r  D evelopm ent System  [INMOS, 1989], w ith  w hich  
ap p lica tio n  p ro g ram s can  be ed ited , com piled and ru n . T his p ro v id es  an  
env ironm ent fo r  developing p ro g ram s in Occam, a  lan g u ag e  esp e c ia lly  s u ita b le  
f o r  p a ra lle l p rocessing . The p ro g ram s a r e  co n fig u red  to  ru n  on th e  t a r g e t  
sy stem , and a re  downloaded to  th e re  a f t e r  having  been developed on th e  m a s te r  
system .
7 .4 .2 .2  1 /0  p e rip h e ra ls  and in te rfa c in g  [GOLDAK 1991]
The in p u t and o u tp u t p e r ip h e ra ls , and th e  in te r fa c e  to  th e  t a r g e t  t r a n s p u te r  
c o n s is t o f
o  an  ad d ress  decoder to  access  th e  I/O  p e r ip h e ra ls , 
o  a  phase-locked  loop and a  co u n te r , to  m o n ito r th e  p h ase  ang le  o f  
th e  m ains,
o  fo u r  f a s t  an a lo g u e -to -d ig ita l co n v e rte rs  to  m easu re  th e  a .c . 
c u r re n ts , th e  d .c. link v o ltag e  and th e  load c u r re n t .
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7 .4 ,3  P a ra lle l P ro cessin g  S tru c tu re
D uring  th e  co n c u rre n t execu tion  o f sev e ra l ta sk s , each  ta s k  p ro ceed s  
asynchronously  w ith  th e  o th e rs , th a t  is, each ta sk  p ro ceed s a t  i t s  own speed . 
C om m unication betw een  ta s k s  is  v ia th e  links known a s  c h a n n e ls . T he 
ch an n e ls  may be h a rd w are  links when th e  ta s k s  a r e  ru n n in g  in d i f f e re n t  
t r a n s p u te r s ,  o r  in te rn a l "so ftw are"  links w hen th e  ta s k s  a re  ex ecu ted  in  a  
s in g le  tra n s p u te r .  The channels a r e  one-w ay  and se lf-sy n ch ro n iz in g , so  t h a t  
com m unication only ta k e s  p lace  when b o th  th e  sending  and  rece iv in g  p ro c esse s  
a r e  ready . I f  one ta sk  becom es re ad y  b e fo re  th e  o th e r , th e n  i t  w ill
a u to m a tica lly  w a it  f o r  th e  o th e r, w ith o u t any ex p lic it  com m and fro m  th e  
p ro g ram m er. The only re sp o n sib ility  l e f t  w ith  th e  p ro g ram m er is  t h a t  o f
avoid ing  d e a d lo c k  by en su rin g  th a t  th e  second ta s k  becom es re ad y  som etim e.
F o r exam ple, in F ig.7-16, ta s k  A is  hand ling  in p u t f ro m  an  
a n a lo g u e - to -d ig ita l  c o n v e rte r  w hile ta s k  B com putes a  co n tro l o u tp u t level. 
T ask  A re a d s  th e  in p u t fro m  th e  co n v e rte r , sca le s  i t  and s ig n a ls  ta s k  B, v ia  
th e  link  nam ed i n f  .sender^  th a t  th e  inpu t in fo rm a tio n  is  read y . T ask  B 
w a its  f o r  th e  s ignal fro m  ta sk  A, p ro cesses  th e  in p u t d a ta  to  g e n e ra te  th e  
c o n tro l o u tp u t level, th en  s ig n als  ta s k  A, v ia  th e  link in f.e c h o ^  t h a t  i t  h a s  
com pleted  th e  p ro cessin g  and w a its  ag a in  f o r  th e  s ig n al th a t  a n o th e r  b a tc h  o f  
in p u t d a ta  is read y . The tw o  ta s k s  m ay be ex ecu ted  in  p a ra lle l ,  t h a t  is , 
ta s k  A m ay be handling  a  second b a tch  o f inpu t s ig n a ls  a t  th e  sam e tim e  a s  
ta s k  B is  p ro cessin g  th e  co n tro l level based  on th e  f i r s t  b a tch  o f  in p u t 
d a ta .  The s ig n a ls  sen t betw een th e  ta sk s  v ia  th e  links a llow  th e  ta s k s  to  
sy n ch ro n ize  th e ir  a c tiv it ie s  so th a t  ta s k  B does n o t s t a r t  com puting  th e  
c o n tro l law  b e fo re  ta sk  A has fin ish ed  p rocessing  i t s  d a ta  input. I f  ta s k s
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A and B a re  execu ted  by tw o  t r a n s p u te r s  in th e  ne tw o rk  th e  links i n f  .s e n d e r  
and  in f .e c h o  would be th e  h a rd w a re  links, a s  shown in Fig.7-15, o th e rw ise  th e  
links would be th e  in te rn a l " so ftw a re "  link.
in f .ec h oADC ■c- Control Level   ---Task A Task B
in f .sen d er
Fig.7-16 C om m unication betw een  Two T asks by th e  Link
7 .4 .4  Occam S tru c tu re  Im plem enting C ontrol o f th e  A.C. C u rre n t
The im plem entation  o f th e  a .c . c u r re n t  co n tro l by th e  c u r re n t- f o rc e d  
schem e includes:-
o m easu rem en t o f  th e  a .c . c u r re n ts  (in tw o o f th re e  phases)
o  m easu rem en t o f th e  ph ase  o f supply vo ltage  and g en e ra tio n  
sinuso ida l re fe re n c e s  fo r  th re e -p h a s e  c u r re n ts  
o  tra c k in g  co n tro l
Several ta sk s  a re  used to  c a r ry  o u t th e  im plem entation  and th e  s t r u c tu r e  is 
show n in F ig .7-17.
T a s k  1 I n t e r r u p t s
T his ta sk  is resp o n sib le  fo r  rece iv in g  s t a r t / s t o p  in s tru c tio n s  fro m  th e  
m a s te r  t r a n s p u te r  and send an  in te r ru p t  signal to  a ll o th e r  ta s k s  in o rd e r  to
1 6 0
M anager Master Transputer
Target Transputer
Task1
Interrupt
Task3 CD Task2 ^ -------
N s w i t c h . t o .b /  Oofitroller
M  ( &' t i m e r . t o  b \k ^ p u t  d a ta
I/O ControKswitch.to.Oi Buffer
Output timer.to.o
timer.signal P h a s e  a n g le
Fig.7-17 Occam S tru c tu re  Im plem enting D irec t C u rre n t C ontro l
te rm in a te  th e  execu tion  o f th e  ta sk s . Once a  ta sk  h as  been ex ecu ted  an  
in te r ru p t  signal h as  to  be se n t to  i t  w hen th e  "stop  running" in s tru c tio n  is 
rece iv ed  from  th e  m a s te r  t ra n s p u te r .
T a s k  2 B u f f e r
The use o f b u f fe r s  to  d ec rea se  th e  coupling  betw een  ac tiv e  p ro c e sse s  is  a 
common fe a tu re  o f co n cu rren t p rog ram m ing  languages. T his b u f f e r  (taskZ ) 
decouples ta sk s  3 and 4, a llow ing them  to  be execu ted  asynchronously . The 
im p lica tion  is th a t  ta sk s  3 and 4, w hich ac tu a lly  c a r ry  out th e  co n tro l o f 
th e  a .c . c u r re n t, can each  be ex ecu ted  a t  th e ir  own speed, b u t th is  is  only 
t r u e  if  the  b u ffe r  is em pty. O therw ise , th e  sen d er (task 4 ) m ust w a it  u n til 
th e  rece iv e r (task 3 ) re a d s  th e  p rev ious value; th a t  is, th e  r a te  o f p ro g re s s  
o f th e  sender and re ce iv e r is linked.
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Task  3 I/O control ,  t im e-ou t  and ou tpu t
T his ta sk  c a r r ie s  o u t th e  In p u t/O u tp u t co n tro l and  sends th e  sw itch in g  
s ig n a ls  to  drive c irc u it,  a c tiv a tin g  th e  pow er devices. F o r g e n e ra tin g  PWM
sig n al, th e  ta sk  is  to  tim e -o u t th e  PWM p u lse -w id th s .
T a s k  4  I n p u t  d a ta  and c u r r e n t  c o n tr o l
T his ta sk  re a d s  th e  values o f th e  a .c . c u r re n ts  and  th e  am plitude o f th e
re fe re n c e  c u rre n t. Then, th e  a .c . co n tro l is  p ro cessed . The p ro p e r  
sw itch in g  fun c tio n s a r e  de term ined  and  th en  se n t to  ta s k  3  th ro u g h  ta s k  2.
The flo w c h a rt o f ta s k s  3 and  4 im plem enting  th e  p re d ic tiv e  a .c . c u r re n t  
c o n tro l schem e (using s ta n d a rd  m odulation  techn ique) is  show n in Fig.7-18.
T ask s 3 and 4 a re  execu ted  in p a ra lle l .  T ask  3 h as  th e  h ig h e r p r io r i ty  to
en su re  a  c o r re c t tim ing  fo r  g e n e ra tin g  PWM pulses. A fte r  d e fin in g  th e  
v a r ia b le s  and se tt in g  th e  sam pling  tim e  [p ro cesses  (1), (2)1, ta s k  3 is
invoked e ith e r  by th e  in te r ru p t  s ig n al se n t fro m  th e  ta s k  1, w hich w ill 
te rm in a te  th e  execu tion  o f ta sk  3 [p ro cesses  (4) and (5)1, o r  by th e  sam pling  
tim e -o u t signal, w hich w ill c a r ry  on th e  ex ecu tio n  [p ro cesses
(6),(7)...(15)1. The PR Iority  A L T ernation  c o n s tru c t o f  Occam en su re s  th a t  
th e  ta s k  be e ith e r  te rm in a ted  o r  ex ecu ted , b u t th e  te rm in a tio n  h a s  a  h ig h er
p r io r i ty .  When n e ith e r th e  in te r ru p t  s ig n a l [p ro cess(4 )l no r t im e -o u t
s ig n a l [p rocess (6)1 invokes i t ,  ta s k  3 is  tu rn e d  to  an  in ac tiv e  s ta te ,  
a llow ing  th e  th e  p ro cesso r to  d ea l w ith  o th e r  ac tiv e  p ro cesses  w hich have 
been on th e  l is t  w a itin g  to  be ex ecu ted . The t r a n s p u te r  o p e ra te s  in such  a
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w ay th a t  inac tive  p ro cesses  do no t consum e any p ro c esso r tim e . W ith th e
sam p lin g  period  being com pleted , ta s k  3  becom es ac tive  ag a in  an d  th e  p ro c e ss
(7) re a d s  th e  sw itch in g  p a t te rn s  (sw itch in g  v ec to rs  and  tim e s  in  one
sw itch in g  period) th ro u g h  com m unication w ith  ta sk  4 [p ro cess  (22)1 v ia  th e
b u f f e r  ta s k  2, im m ediately  fo llow ed by sending  th e  f i r s t  z e ro  v e c to r  V  ^ and
s e t t in g  th e  tim e t^^ [p rocess(8 )j. S im ultaneously , a n a lo g u e - to -d ig i ta l
c o n v e r te rs  and a  co u n te r f o r  d e te c tin g  th e  phase angle o f th e  m ains a re
tr ig g e re d  and a  signal w hich in fo rm s ta s k  4 is  se n t d ire c tly  th ro u g h  th e
channel nam ed t im e .s ig n a l.  T his s ig n al w ill s t a r t  th e  ex ecu tio n  o f  ta s k  4,
in  o rd e r  to  ca lc u la te  th e  sw itch in g  p a t te r n s  f o r  th e  n e x t s a m p lin g /sw itc h in g
p erio d . M eanwhile, ta s k  3 becom es in ac tiv e  [p rocess(9 )l, so  p e rm itt in g  th e
p ro c e sso r  to  dea l w ith  ca lcu la tio n s  in ta s k  4, and o th e r  p ro c esse s , and
re m a in s  so f o r  tim e  t^ ^ . P ro cesses  (10), (12) and (14) send  th e  a c tiv e
sw itch in g  v ec to rs  V , V and th e  second ze ro  v ec to r V to  th e  d riv e  c irc u it ,  X y  z2
com pleting  a  sw itch in g  cycle o f  th e  m odulation. A fte rw a rd s , th e  ta s k
re tu r n s  to  p ro cess  (7), re ad in g  in th e  n e x t sw itch ing  p a t te r n s  and  re p e a tin g
th e  w hole p rocess.
T he execu tion  o f ta sk  4 is  a lso  i l lu s t ra te d  in Fig.7-18. The A L T ernation  
c o n s tru c t d e te rm in es w h e th e r execu tion  o r  te rm in a tio n  is  being  invoked. The 
process(18) is tr ig g e re d  by t im e .s ig n a l  fro m  ta sk  3 (p ro cess(8 )], w hich 
e n su re s  th a t  th e  a .c  c u r re n ts  and th e  ph ase  angle a r e  read y  to  be  re a d  in.
A fte r  re ad in g  th e  d a ta , th e  re fe re n c e  c u r re n t  is g en e ra ted , fo llo w ed  by 
ca lc u la tio n  o f th e  sw itch ing  p a t te rn s  f o r  th e  n ex t sw itch in g /sam p lin g  p erio d  
b ased  on E qn.(4 .20) and (4.21) [processes(19)~(21)J. T ask  4 w ill be m ade
in ac tiv e  a f te r  th e  ca lcu la ted  sw itch ing  p a t te rn s  a re  sen t to  th e  b u f f e r  ta s k  
2 [p ro cess(2 2 )l, u ltim a te ly  being read  by p ro cess  (7) in ta s k  3.
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F ig .7 -19  shows th e  f lo w c h a r t im plem enting th e  sim ple h y s te re s is  a .c . c u r re n t  
co n tro l. Task 4 d e te rm in es  th e  sw itch in g  fu n c tio n s  based  on th e  h y s te re s is  
com parison  [process(21)~(22)l and ta sk  3 sends ou t th e  sw itch in g  fu n c tio n s  a t  
ev e ry  sam pling tim e  [p rocess(26 )l.
7 .4 .5  E xperim en ta l R esu lts
F ig. 7 -2 0  show s th e  ex p e rim en ta l r e s u l ts  o b ta ined  w ith  em ploying th e  
p re d ic tiv e  co n tro l schem e [see sec tio n  3.51. The r e c t i f ie r  w as sw itch ed  a t  
a  f ix e d  frequency  o f lOKHz. In com parison  w ith  th e  r e s u lts  in  F ig .7 -6  and  
Fig. 7 -8 , a  b e t te r  c u r re n t  w aveform  w as observed  in sp ite  o f th e  d is to r te d  
supp ly  voltage, because th e  p u re  sinuso ida l tem p la te  w as g en e ra te d  by looking 
up  a  p re -c a lc u la te d  sine  tab le . T hus th e  d is to r tio n  due to  th e  im p e rfe c t 
supp ly  v o ltage w aveform  in  th e  analogue im plem entation  w as avoided.
F ig .7-21 show s th e  a .c . line c u r re n t  w avefo rm  to g e th e r  w ith  th e  co rre sp o n d in g  
p h ase  vo ltage, o b ta in ed  by using  a  sim ple h y s te re s is  com parison . I t  should  
be n o ted  th a t  th e  sw itch in g  in th is  ca se  is dependent n o t only on th e  
h y s te re s is  band b u t a lso  on th e  freq u en cy  o f sam pling, tim e d e lay  o f  th e  
p ro c ess in g  and th e  re so lu tio n  o f th e  analogue to  d ig ita l co n v e rte rs .
7.5 Sum m ary
T his c h a p te r  p re se n ts  th e  im plem entation  o f th e  rev e rs ib le  r e c t i f i e r  and i t s  
c o n tro l system s. The w ork re p o rte d  h e re  h as  confirm ed  th e  fe a s ib il i ty  o f  
re v e rs ib le  r e c t i f ie r s ,  and in d ica ted  th a t  good c u r re n t  w aveform s can  be .draw n 
in b o th  re c tify in g  and in v ertin g  m odes. The observed behav iou r o f th e
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p ro to ty p e  re v e rs ib le  r e c t i f i e r  a s  w ell a s  i ts  con tro l sy stem  w as e s se n tia lly  
th e  sam e as  th a t  p re d ic ted  by sim ula tion , so su p p o rtin g  th e  th e o re t ic a l  
s tu d ie s  in th e  prev ious c h a p te rs .
sA sA
sAsA
Fig. 7 -2 0  Input C u rre n t Using 
th e  P red ic tiv e  Scheme
(Input C u rren t: 5A /div
Fig. 7-21 Inpu t C u rre n t U sing 
th e  Sim ple H y s te re s is  Schem e 
Input V oltage: lO V/div)
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CHAPTER 8  Co n c lu sio n s  a n d  Fu tu r e  Work
8.1 I n t r o d u c t i o n
In th is  concluding c h a p te r , a  rev iew  o f  th e  m ost im p o rtan t p o in ts  o f th is  
d is s e r ta t io n  is given. R ecom m endations fo r  f  u tu re  w ork  on re v e rs ib le
r e c t i f i e r s  a re  d raw n.
8 .2  R e v ie w  o f  t h e  D i s s e r t a t i o n
T he w ork  re p o rte d  h as d em o n stra ted  th a t  considerab le  im provem ent in th e  
in p u t c u r re n t  w aveform  and th e  pow er f a c to r ,  p lus th e  a b il i ty  to  re g e n e ra te  
h igh  q u a lity  pow er, can  r e s u l t  f  rom  rep lac in g  a conventional th re e -p h a s e  
b rid g e  r e c t i f i e r  by a  re v e rs ib le  r e c t i f ie r .  T hree m a jo r p rob lem s o f a 
conven tional b ridge, nam ely, (i) d is to r te d  a .c . c u r re n t w avefo rm , (ii) poor 
p o w er fa c to r ,  and (iii) u n i-d ire c tio n a l pow er flow , can  be solved 
sim u ltaneously .
In c o n tr a s t  to  th e  m a tr ix  co n v e rte r , w hich o ffe rs  s im ila r  b e n e fits , th e  
com bination  o f re v e rs ib le  r e c t i f ie r  and  conventional in v e r te r  show s good 
com m ercial p o ten tia l in th e  n e a r  fu tu re .  This is because im p lem en ta tio n  o f 
such  a  system  is  cheaper, in p a r t  because  th e  pow er c irc u it  co n f ig u ra tio n  as 
w ell a s  much o f th e  co n tro l schem e is  s im ila r  to  th a t  o f  th e  in v e r te r ,  w ith  
w hich m ost eng ineers  a re  fa m ilia r .
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The decision to  employ re v e rs ib le  r e c t i f ie r s  r a th e r  th an  d iss ip a tiv e  
re g e n e ra tio n  and f i l t e r s  fo r  w aveshaping as  d iscussed  in C h ap te r 1 depends 
on th e  ad d itio n a l equipm ent co s t versu s  th e  savings on energy  reco v ered , and  
th e  d e s ira b ility  o f sinuso ida l c u r re n ts  a s  w ell a s  u n ity  pow er f a c to r  
o p e ra tio n .
Special p roblem s re le v a n t to  th e  co n tro l o f th e  re v e rs ib le  r e c t i f i e r  have 
been d iscussed  in th is  d is se r ta tio n , and i t  is believed th a t  gu ide lines f o r  
design ing  a  su itab le  co n tro l system  in p ra c tic a l ap p lica tio n s  have been 
given.
The em phasis in th e  d is s e r ta t io n  has been on th e  c u r re n t- fo rc e d  schem es, and 
th e  m eans o f co n tro llin g  th e  a .c . c u r re n t  and th e  pow er flow . I t  h as  been 
show n th a t  d ire c t  co n tro l o f th e  a .c . c u r re n ts  by m o n ito rin g  them  and 
fo rc in g  them  to  fo llow  a  tem p la te  can provide b e t te r  s ta b i l i ty  and t r a n s ie n t  
p e rfo rm an ce  th a n  th e  a lte rn a tiv e , ap p a ren tly  sim ple, v o lta g e - fo rc e d  schem e 
(in d ire c t co n tro l o f th e  c u r re n ts ) , and so  allow  sim ple im plem en tation . In 
th eo ry , how ever, by p ro p e rly  ca lc u la tin g  th e  te rm in a l v o ltag e  (using th e  
d if fe re n t ia l  te rm  L d l / d t ) ,  th e  p e rfo rm an ce  o f th e  v o lta g e -fo rc e d  schem es sm
m ay be im proved to  becom e com parab le  w ith  c u r re n t- fo rc in g , bu t, in p ra c tic e , 
th e  co n tro l sy stem  becom es m ore com plicated . The dec ision  w h e th e r to  
em ploy v o ltag e -fo rce d  r a th e r  th a n  c u r re n t- fo rc e d  depends on th e  d eg ree  o f 
need f o r  a  w ide ra n g e  o f s ta b ility , and on th e  b a lan ce  be tw een  th e  
ad d itio n a l co s t o f  th e  co n tro l system  and savings on th e  c u r re n t  sen so rs . 
In g en e ra l, f o r  low and m edium  pow er ra tin g  ap p lica tio n s, c u r re n t- fo rc e d  
schem es a re  p re fe ra b le  to  th e  v o ltag e -fo rce d  schem es.
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The d iscussion  in C hap ter 3 suggested  th a t  th e  sim ple h y s te re s is  com parison  
and th e  ram p com parison  a r e  th e  p re fe r r e d  c u r re n t- tra c k in g  tech n iq u es if  
an a lo g u e  co n tro l is chosen, w h ereas  th e  p red ic tiv e  co n tro l schem e using
sp ace  v ec to r m odulation techn ique is th e  b e s t choice fo r  a  d ig ita l system .
I t  is  believed by som e re s e a rc h e rs  th a t  th e  v ariab le  sw itch in g  freq u en cy  o f 
h y s te re s is  com parison schem es may cause  som e problem s, such  a s  aud ib le  no ise 
a s  show n in th e  frequefîfcy sp ec tru m , and  m ake e lec tro m ag n e tic  in te r fe re n c e
m ore d if f ic u lt  to  co n tro l. The ram p  com parison  and th e  p red ic tiv e  schem e 
can  p rov ide a  co n s tan t sw itch ing  frequency ; th e  fo rm e r can  be im plem ented a t  
a  low  co st b u t has some tra c k in g  e r r o r s ,  w hereas th e  l a t t e r  h as  a  b e t te r
s te a d y  s ta te  p e rfo rm an ce  b u t re q u ire s  a  d ig ita l system , w hich in c re a se s  th e  
c o s t o f th e  system .
The pow er flow  co n tro l is  u sually  c a r r ie d  o u t by m o n ito ring  th e  d .c . link  
v o ltag e , to g e th e r  w ith  th e  in jec tio n  o f th e  load in fo rm a tio n  i f  i t  is  
av a ilab le . The s ta b il ity  an a ly sis  in  C h ap te r 5 has re s u lte d  in a  m ethod
f o r  design ing  a  su itab le  PI c o n tro lle r , an  asp ec t w hich h as  n o t been
a d d re ssed  b efo re . Some im p o rtan t conclusions can  be d raw n  as  fo llow s.
F ir s tly ,  th e  s ta b le  reg ion  f o r  re g e n e ra tio n  is w id e r th an  th a t  f o r  
r e c t i f ic a t io n ,- th a t  is, i f  th e  co n tro l sy stem  is s ta b le  in th e  re c tify in g  
mode under th e  sp ec ific  condition i t  is  a lso  s tab le  in th e  re g e n e ra tiv e
m ode. T h ere fo re , f o r  th e  purpose o f design ing  th e  PI c o n tro lle r  to  achieve 
s ta b le  response , i t  is only n ecessa ry  to  consider th e  re c tify in g  mode.
Secondly, th e  p ro p o rtio n a l gain  K o f th e  PI c o n tro lle r  can be th e  f i r s tp
p a ra m e te r  to  be determ ined , since i t  is independent o f th e  in te g ra l p a r t  T^.
T hen, T can  be se lec ted . The eq u a tio n s f o r  se lec tin g  K and T a re  giveni p i
in E qn.(5 .6) and (5.7). T hird ly , th e  t ra n s ie n t  resp o n se  o f th e  co n tro l
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sy stem  can then  easily  be exam ined by m eans o f  s im u la tio n s  u n d er th e  
sp e c if ic  load conditions. In jec tio n  o f load in fo rm a tio n  can  red u ce  th e  
o vershoo t o f th e  d .c. link v o ltage due to  th e  change o f  th e  load, 
p a r tic u la r ly  e ffec tiv e  when th e  r e c t i f ie r  is o p e ra ted  fro m  re g e n e ra tio n  to  
re c tif ic a tio n .
A slid in g  mode co n tro l schem e d iscu ssed  in C h ap ter 6 p ro v id es a  novel schem e 
w ith  which th e  t ra n s ie n t  behav iour o f th e  re v e rs ib le  r e c t i f i e r  m ay be 
d e term in ed  an a ly tica lly . P re lim in a ry  re se a rc h  has show n th e
c h a ra c te r is t ic s  o f such a  novel co n tro l schem e.
F o r ex p erim en ta l pu rposes, a  IkW re v e rs ib le  r e c t i f ie r  u sin g  p ow er MOSFETs 
w as co n stru c ted  and te s te d . In o rd e r  to  in v es tig a te  d i f f e re n t  c o n tro l
schem es p rac tica lly , bo th  analogue and d ig ita l co n tro l sy s tem s w e re  b u ilt. 
The ex p erim en ta l r e s u lts  co n firm ed  th e  fe a s ib il i ty  o f  re v e rs ib le  r e c t i f ie r s ,  
and  ind icated  th a t  good c u r re n t  w avefo rm s can  be d raw n  in b o th  re c t ify in g  
and  re g en e ra tiv e  mode. The im plem en tation  o f d ig ita l co n tro l, in co rp o ra tin g  
a  t r a n s p u te r  system , allow s m ore com plex co n tro l a lg o rith m s  to  be used  and  
th e  p o ss ib ility  is a lso  opened o f c lo se r in te g ra tio n  o f  th e  co n tro l o f  th e  
r e c t i f i e r  w ith  th a t  o f th e  m achine in th e  fu tu re .
8 .3  D is c u s s io n  o f  F u tu r e  W o rk
8.3,1 C ontrol Scheme Using T heory  o f V ariab le  S tru c tu re  System
In C h ap te r 6, a  novel co n tro l system , te rm e d  s lid in g  m ode co n tro l, w as 
in v es tig a ted , based on th e  b as ic  p rin c ip le  o f  th e  th e o ry  o f v a r ia b le
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sy stem . F u tu re  w ork on slid ing  mode con tro l m ight include th e  fo ilo w in g :-
(i) in v estig a tio n  o f ex is ten ce  o f th e  slid ing  mode u n d er th e  sw itch in g
a lg o rith m  d escrib ed  in C h ap ter 6, (ii) investigation  o f o th e r  p re d e fin e d
t r a je c to r ie s  (o r su p e r su rfa c e s )  along which th e  sy stem  s lid e s  and
co rresp o n d in g  sw itch in g  a lg o rith m s w hich en su re  th e  ex is te n c e  o f s lid in g  
m odes, and (iii) p ra c tic a l  im plem entation .
8 .3 .2  R eactive Com ponent M inim ization /O ptim ization
In th e  prev ious c h a p te r  (sec tion  7 .2 .2 ) a  m ethod o f  se lec tin g  su ita b le  
values f o r  th e  re a c tiv e  com ponents has been suggested . But o p tim iza tio n  o f 
th e se  re a c tiv e  com ponents is  s t i l l  open to  in v estig a tio n . A p ro b lem
co n cern s  th e  pow er loss in th e  inpu t in d u cto rs, an  a sp e c t w hich h a s  n o t been 
d iscu ssed  in th is  d is se r ta tio n . Both th e o re tic a l and  p ra c t ic a l
in v es tig a tio n s  ab o u t th is  to p ic  should be m ade in th e  fu tu re .
8 .3 .3  E lec tro m ag n e tic  In te r fe re n c e  (EMI)
As rem ark ed  in C h ap te r 1, ra p id  changes in voltages and  c u r re n ts  w ith in  a  
sw itch in g  co n v e rte r  a r e  a  so u rce  o f  e lec tro m ag n etic  in te r fe re n c e  (EMI) w ith  
o th e r  equipm ent a s  w ell a s  possib ly  p reven ting  i ts  own p ro p e r  o p e ra tio n .
T h ere  a re  v ario u s s ta n d a rd s  th a t  spec ify  th e  m aximum lim it on th e  EMI 
[ANGSTENBERGER 19921. T his is  an  a r e a  w hich c lea rly  re q u ire s  a t te n t io n  if  
p ra c t ic a l  re v e rs ib le  r e c t i f ie r s  a r e  to  be b u ilt. The EMI prob lem  produced  
by th e  pow er conversion  w ith  re v e rs ib le  r e c t i f ie r / in v e r te r  a r ra n g e m e n t w ill 
have to  be in v es tig a ted  in th e  fu tu re .
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The m ost e ffec tiv e  w ay  o f e lim in a tin g  EMI is  to  p re v e n t i t  f ro m  being  
g e n e ra te d  a t  sou rce . Some m ethods have been su g g ested  [MOHAN 1989], 
in c lu d in g :- (i) th e  use o f sn ubbers in  th e  pow er c irc u it,  w hich red u ce  b o th  
th e  d v /d t  and th e  d i / d t  o f th e  c irc u it,  o r th e  use o f th e  re s o n a n t link,
(ii) p ro p e r m echanical layou t, w irin g , and sh ield ing , and (iii) u se  o f  
EMI f i l te r s .
An EMI f i l t e r  would be p laced  in  th e  inpu t line, and i t  th en  becom es n a tu ra l  
to  co n sid er th e  f i l t e r  and th e  se lec tio n  o f th e  inpu t in d u c tan ce  to g e th e r .
I t  h a s  been seen th a t  red u c tio n  o f th e  in p u t inductance w ill in c re a se  d i / d t  
a s  w ell as  th e  to ta l  harm onic d is to r tio n  in  th e  a .c . c u r re n t .  I t  w ould be 
in te re s tin g  to  in v es tig a te  th e  use  o f sm all values o f in p u t in d u c tan ce  ( le ss  
th a n  ImH), to g e th e r  w ith  a p ro p e r in p u t f i l t e r  to  rem ove th e  ad d itio n a l 
c u r re n t  rip p le  and to  a lso  e lim in a te  th e  conducted EMI.
8 .3 .4  A pplications and P ra c tic a l  C onsiderations
One asp ec t re q u ir in g  fu r th e r  s tudy  is  th e  in te g ra tio n  o f  th e  co n tro l o f  th e  
r e c t i f i e r  w ith  th a t  o f th e  m achine, m ore in te re s tin g ly , in  co n ju n ctio n  w ith  
a  t r a n s p u te r  netw ork .
A lthough th e  rev e rs ib le  r e c t i f ie r  h as  been view ed as  a  com ponent o f an 
in te g ra te d  d rive  system , th e  p o ss ib ility  o f allow ing  i t  to  p rov ide 
cu rre n t-sh a p in g  to  th e  o th e r  e le c tro n ic  equipm ent connected  n ea rb y  seem s 
very  a t tra c t iv e . M oreover, ap p lica tio n s  o f th e  re v e rs ib le  r e c t i f i e r  a re  
n o t lim ited  to  a .c . d rive  system s. T h ere  have been a  few  r e p o r ts  o f 
ap p lica tio n s o f rev e rs ib le  r e c t i f ie r s  in o th e r  a re a s ,  such  a s  VAR
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co m p en sa to rs  [AKAGI 1990], pow er supplies fo r  m agnets  o f p a r tic le  
a c c e le ra to rs  [CÏSCATO 1991], and  HVDC tran sm iss io n  [A ngqu ist 1991].
I t  w as also  th o u g h t th a t  th e  in fluence o f an asy m m etrica l supply  on th e  
re v e rs ib le  r e c t i f ie r  should be in v es tig a ted . At the  tim e o f w rit in g  th is  
w as being undertaken  by a  co lleague a t  th e  U niversity  o f S u rrey  [BAKRAN 
19921. Good p ro g re ss  is being m ade, and i t  may be th a t  no f u r th e r  
q u estio n s  o f s ig n ifican ce  w ill rem ain .
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Ap p e n d ix  I S w itching  Fr e q u e n c y  o f  Hy s t e r e s is  Co m p a r is o n  
FOR A S ingle- P h a s e  Re v e r sib l e  Rec tifier
W ith re fe re n c e  to  Eqns.(2.1) and (2 .2), th e  slopes o f th e  c u r re n t  i^ a re  
d e te rm in ed  a s : -
d i  r  Es
d t
=  r  V ( t)  +  —  1 /  L t  < t  (  t  + DT (A-1-1)[ s  n n s
di r E ^ —  = V ( t ) ------- —  /  L t  + DT < t  < T  (A -1-2)d t  L s 2 - * ®  n s  s
w h e re  and  i^ re p re se n t i^ in th e  in c re a s in g  and d ec rea s in g  p erio d , 
re sp ec tiv e ly , and  D is  th e  du ty  cycle  o f one a r b i t r a r y  sw itch in g  p erio d . 
F rom  th e  Fig.A-1, th e  fo llow ings a re  o b ta in ed :-
A i d{i^ -  i ) d i  ^ d ih s  s  s  s
DT d t  I t = t  d t  I t = t  d t  I t= t
V ( t  ) + —  E d i*s  n 2  dc  s (A-1-3)
d t  t= t  ' n
A i d ( i  -  i ) d i  d ih  s  s  s  !
DT d t  t = t  +DT d t  t = t  +DT d t  | t = t  +DT
S  ' n s  ' n s ' n s
V ( t  +DT ) -  —  E d i"
 !-------- ?------15-------------- !_  (A -1-4)
L d t  l t= t  +DTs  ' n s
N ote th a t  th e  sw itch in g  frequency  is m uch h ig h er th a n  th e  freq u en cy  o f  th e  
m ain s, th u s : -
A -  1
( l -D )T ^' -D T
i
1/2 Ai
-  1 /2  A i
Fig.A-1 D e te rm in atio n  o f th e  Sw itch ing  F requency o f H y s te re s is  
C om parison fo r  a  S ing le-P hase  R eversib le  R e c tif ie r
V ( t  ) = V ( t  + DT ) s  n s  n s
d i d i (A -1-5)
d t  I t = t  d t  I t = t  + DT' n ' n s
S u b s titu tin g  Eqn. (A-1-1) to  Eqn. (A-1-3), and Eqn. (A-1-2) to  Eqn. (A -1-4), 
and  co n sid erin g  Eqn. (A-1-5) y ie ld s :-
DT
Ai Lh s
V ( t  ) + s  n
d c d i
d t | t = t
(A—1—6)
(1-DT ) =
-  Ai Lh s
[ ] d i t = t2 -* d t
The in s tan tan eo u s  sw itch in g  frequency  can  be obtained:
(A -1-7)
A -  2
f  =
T L Ai E
s  s  h  d c
f E  \ 2  ( d v ( t)
1-t ) -  '
L Ai E
s  h  d c
w h e re  i = g v (t)
s  m s
m s '  s
b ecom es:-
L e t V (t) = V sinwt, thus:-
s  s m
4L Ai E L Ai E
s  h  d c  s  h  d c
T he m axim um  sw itch in g  freq u en cy  i s : -
a t  wt= 0 , n, 27T,...; and, th e  av e rag e  sw itch in g  freq u en cy  is:~
(A-1-8)
In g en e ra l, |v  ( t ) |  »  g L |d v  ( t ) / d t ) |  since  g L «  1. E qn.(A -1-8)
f  E \ 2l-fl -f  = ------------------------------ (A -1-9)
® L Ai E
s  h  d c
E
f = ------^ -------------------   sin^w t
4L Ai L Ai E
s  h  s  h  d c
E ^ -  2V^
— ------- — —  + ------ —   cos 2wt (A-1-10)
E
f  =  —  (A-1-11)
4L Ai
s  h
E^ -  2V^
s  h  d  c
A -  3
A p p e n d ix  II P ow er  Eq u a t io n s
Suppose th e re  is no ph ase  s h if t  betw een  th e  input c u r re n ts  and th e  m ains 
v o ltag es  and co n sid er only sym m etrica l cond ition , th u s :-
In p u t V oltages: v = V sin(w t)sA sm
V = V sin(w t -  120°) (A-2-1)sB sm
V = V sin(w t + 120°)sC sm
In p u t C u rren ts : i = I sin(wt)sA sm
i = I sin(w t -  120°) (A -2-2)sB sm
i = I sin(w t + 120°)sC sm
The in s tan tan eo u s  in p u t pow er i s : -
= R z  C  (A -2 -3 )
J = A ,B ,C  J=A ,B,C  J=A ,B ,C
N o te :-
sin"(w t) + sin^(w t -120 ) + sin'^(a)t + 120°) = 2
and,
sin(wt)cos(wt)+sin(wt-120°)cos(wt-120°)+sin(wt+120°)cos(wt+120°) = 0
T h e re fo re :-
E = - r  <A-2-4)
J=A,B,C
A -  4
E sJ  2 sm
J B,C
( A - 2 - 5 )
d i
I  i sJ  3
d l
sJ
J = A ,B ,C d t
2 sm (A -2-6)d t
S u b stitud ing  E qns.(A -2-4), (A -2-5) and (A -2-67) In to  E qn.(A -2-3) y ie ld s :-
d l
in 2 V I  -  R I " -  L I -sm sm  s sm  s sm (A—2—7)d t
k -  5
Ap p e n d ix  III An  Ex a m p l e  o f  S electing  P a r a m e t e r s  o f  the C ir c u it  a n d  
THE PI Controller
C onsider a 20KVA re v e rs ib le  r e c t i f ie r  connected  to  th e  415v m ains. Suppose 
th e  o u tp u t c u r re n t to  be 25A and sp ec ify  th e  to ta l  harm onic  d is to r t io n  in  
th e  inpu t c u r re n t to  be less th an  5%. A sim ple h y s te re s is  co m p ariso n  
techn ique is se lec ted  in co n tro l o f th e  a .c . c u r re n t,  w ith  av e rag e  sw itch in g  
freq u en cy  lOKHz.
(1) D eterm ine th e  d .c. link vo ltage
The minimum value o f th e  d .c . link  v o ltage f o r  th e  sim ple h y s te re s is  
com parison  techn ique is  equal to  th e  m agn itude o f th e  l in e - to - l in e  v o ltag e  
o f th e  m ains, th a t  is , 587v. If th e  d .c . link v o ltage  is chosen  to  be 
650v, 63v m arg in  w ill be ob tained , w hich allow s th e  9.7% v o ltag e  d roop  in 
th e  d .c . link voltage.
(2) D eterm ine th e  in p u t inductance
The re la tio n sh ip  betw een  th e  av erag e  sw itch in g  freq u en cy  and Ai L is  show n 
in F ig.A -3-1. I t  can be seen th a t  Ai^L should be ap p ro x im a te ly  equal to  4 
in  o rd e r  to  o b ta in  lOKHz sw itch ing  frequency . Using th e  m ethod p re se n te d  in  
sec tio n  7 .2 .2 .2 , l.SmH inductance and 2.7A h y s te re s is  b oundary  a re  
determ in ed , w ith  re fe re n c e  to  F ig .A -3 -2 , w hich gives 3.7% to ta l  harm on ic  
d is to r tio n  in th e  a .c . c u r re n t  a t  th e  ra te d  o p e ra tin g  po in t.
A -  6
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(3) D eterm ine th e  d.c. link cap ac itan ce  and th e  p a ra m e te rs  o f  th e  PI
c o n tro lle r
The value o f cap ac itan ce  is  se lec ted  to  be 400pF, using  th e  m ethod  in 
sec tio n  7 .2 .2 .2 . F or se lec tin g  th e  p ro p e r p a ra m e te rs  o f th e  PI c o n tro lle r ,
E q n s.(5 .6 ) and (5.7) a r e  th en  i l lu s tra te d  in F ig .A -3 -3  and  F ig .A -3 -4 , 
re sp ec tiv e ly . Suppose th a t  th e  o u tp u t c u r re n t  i^^^ is re g u la r ly  re v e rse d , 
a s  show n in Fig.5-11, w here  25 A, m aking equal to  260. T he p o in t A
A -  7
O.OOQ
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o 0.004 
6 0.003
0.002
U n s ta b l e  Re g io n  j0 .001
3 5 4 0 5 02 5 3 0 4 51 5 205 t o
LO A D  RO (O h m )
F ig .A -3-4  S tab le Region fo r  Tim e C o n stan t
on F ig .A -3 -3  and th e  po in t B on F ig .A -3 -4 , co rresp o n d in g  to  K = 1.5 an d  Tp i
= 0 .0 0 4  , a r e  th e  s ta b le  reg ion  and w ith  a  good m arg in  o f a llo w ab le  change
in load cu rre n t.
T he r e s u l ts  of sim ulation  using  th e se  p a ra m e te rs  a re  show n in F ig .A -3 -5  f o r  
th e  ca se  o f using PI co n tro lle r  only, w hich gives = 12.2% and  <r^  = 13.4%,
and  in  F ig .A -3-6  fo r  th e  case  o f including th e  in jec tio n  o f  in fo rm a tio n
ab o u t th e  load, which gives <r^  = 8.3% and or = 1.8%. I t  can  be seen  th a t
th e  d .c . link voltage is dropped below  th e  minimum value re q u ire d , a s  th e  
r e c t i f i e r  o p e ra te s  from  th e  re g e n e ra tiv e  m ode to  re c tify in g  m ode, i f  only
th e  PI co n tro lle r  is used. The d is to r tio n  in th e  a .c . c u r re n t  can  be 
observed . To e lim inate th e  la rg e  v a r ia tio n  o f th e  d .c . v o ltag e , i t  is
d e s ira b le  e ith e r  to  in crease  th e  c a p ac itan c e  to g e th e r  w ith  red es ig n in g  th e
PI c o n tro lle r  o r  to  in je c t th e  in fo rm a tio n  abou t th e  load, a s  show n in
Fig. A—3 —6.
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